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Background-
Intracranial artery occlusive disease, especially middle cerebral artery (MCA) 
stenosis is the major cause of ischemic stroke in Asians. However, the underlying 
mechanism of ischemic stroke caused by MCA stenosis remains unknown. In this 
study, using the microembolic signal (MES) detection to explore the mechanisms 
how a MCA stenosis produces acute cerebral infarction. 
Methods-
We prospectively studied 114 consecutive acute ischemic stroke patients, 85 patients 
was symptomatic and 29 was asymptomatic MCA stenosis detected by TCD. 30 of 
symptomatic patients underwent magnetic resonance angiography (MRA) and 
diffusion-weighted imaging (DWI) additionally. Patients who had other potential 
source of embolism such as severe carotid stenosis or arterial fibrillation were 
excluded. All patients underwent MES monitoring for 30 minutes by TCD with a bi-
gate transducer. The signals on digital audiotape were analyzed by independent 
observer who was blinded to all other data. 
Results-
MES was found in 24 (28.2%) of 85 symptomatic patients, compared with one (3.4%) 
of 29 asymptomatic patients (Pearson Chi-square P二0.005). A significant difference 
was found in clinical stroke course between MES-positive patients and MES-
negative patients (P=0.03). During follow-up mean 13.6 (range 1-32) months, of 85 
symptomatic patients, the presence of MES was predictive of a further ischemic 
event, (Cox regression, adjusted OR 8.45; 95% CI 1.69-42.22; P=0.01) after 
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controlling the age, sex, diabetes, hypertension, previous stroke, smoking, 
Fraxiparin/warfarin in acute stage and degree of stenosis. 
For the subgroup of 30 patients with DWI done, 15 patients (15%) had multiple 
acute cerebral infarcts on DWI. Among patients with multiple infarcts, deep chain-
like borderzone infarcts were the commonest pattern (11 patients, 73%) and for 
single infarct, penetrating artery infarcts were the commonest (10 patients, 67%). 
The median number of MES per 30 minutes was 15 (range 3-102). MES were found 
in 9 patients with multiple infarctions and in one patient with single infarct (P=0.002). 
The number of MES was associated with the number of acute infracts on DWI 
(P=0.022). 
Among five of these patients, three special phenomena were discovered: 1) MES 
with simultaneous flow velocity change and turbulence, 2) “MES splatter" (three or 
more MES per cardiac cycle and 3) bi-directional low frequency vibration (usually 
lasting 8 to 28 cardiac cycles) were detected frequently. Furthermore, The 
characteristics of MES detected near its origin is different from MES arising from far 
away sources 
Conclusion-
These studies confirmed the clinical significance of MES as it is associated with 
progressive stroke in acute stage and predicts further cerebral ischemia. Artery-to-
artery embolism with impaired clearance of emboli may course multiple small 
cerebral infarcts especially along the borderzone region. Our novel observations on 
MES arising from thrombus open a window to observe ongoing thromembolus real 
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Introduction 
Extracranial carotid artery occlusive disease is the major cause of ischemic 
stroke in Caucasians. However, intracranial artery occlusive disease, especially 
middle cerebral artery (MCA) stenosis is predominant lesion in Asians. However, the 
underlying mechanism of ischemic stroke caused by intracranial artery occlusive 
disease remains unknown. The main purpose of series of studies is to explore the 
prevalence and significance of microembolic signal (MES) in patients with MCA 
stenosis by transcranial Doppler (TCD) ultrasound. 
This thesis includes six chapters with relatively independent contents. Chapter 
one contains literature review, chapter two introduces the general methods using 
throughout the whole study and the chapters three to six describes the results of 
studies. Every study chapter consists of abstract, introduction, methodology, results, 
discussion and references. All tables and figures are inserted in the text just under the 
paragraph mentioned or the next page. 
Chapter one reviews the prevalence, diagnosis, possible mechanism and 
treatment for MCA stenosis as well as technique and clinical application of MES 
detection. 
In the first part of chapter two, the major parameters of TCD, emitting and 
receiving transducer, association between frequency shift and flow velocity or 
direction, continuous wave (CW) and pulsed wave (PW), insonation for intracranial 
or extracranial artery through different windows and TCD diagnosis for intracranial 
artery stenosis were introduced with plentiful illustrations. The second general 
method is MES detection. Bi-gate transducer, axis length of the sample volume, the 
FFT time overlap, measurement of MES and threshold of detection were introduced 
by a number of illustrations. 
Chapter three is the basic part of my thesis. A prospective research for 
prevalence and significance of MES detected by TCD in acute stroke patients with 
MCA stenosis were study from December of 1998 to the July of 2001. This is the 
largest prospective study of MES detection for MCA stenosis up to now. It is also the 
first report for relationship between presence of MES and severity of MCA stenosis, 
correlation between presence or count of MES and clinical course in acute stage, and 
correlation between presence of MES and further ischemic stroke. 
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Chapter four reports a subgroup of patients who were investigated by diffusion-
weighted imaging (DWI). It is the first research on the underlying embolism in 
patients with MCA stenosis using latest techniques of DWI together with MES 
monitoring. Pattern of infarction on DWI, as well as count of MES and its 
relationship with multiple or borderzone infarction on DWI was studied. 
Chapter five describes novel phenomena found during MES monitoring in 
several patients. This chapter was divided to three subchapters. Chapter five-I 
described three special phenomena detected frequently in five patients. It may open a 
new window to observe the ongoing thromembolus in real time in patients with 
MCA stenosis. Chapter five-II analyzed the unique characteristics of MES detected 
near its dislodgement from MCA stenosis (origin of embolic source) in comparison 
with that detected far away from the embolic source. Chapter five-III observed the 
association between the count of MES or flow velocity changes and antithrombotic 
treatments in three patients with multiple monitors both in acute stage and follow up. 
Chapter six is a validation study for our TCD laboratory which establish the 
sensitivity and specificity of TCD diagnosis for MCA stenosis and the optimal valves 
of flow velocity in grading the severity of MCA stenosis in comparison with MRA in 
another group of 148 asymptomatic patients. 
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1.1 Middle Cerebral Artery (MCA) Stenosis 
1.1.1 Prevalence of atherosclerotic MCA stenosis 
Intracranial atherosclerosis is an important cause of stroke, especially in patients with 
Asian, African and Hispanic ancestryi]. Wong et al reported that, among 705 
consecutive Chinese acute stroke patients who were admitted to Prince of Wales 
Hospital in Hong Kong, Large artery occlusive diseases were detected by 
transcranial Doppler (TCD) in 345 patients (49%): 258 patients (37%) had 
intracranial lesions only, 71 (10%) had both extracranial and intracranial lesions, and 
16 (2.3%) had extracranial lesions only^. Min et al reported that, among 42 Korean 
patients with infarcts in the middle cerebral artery (MCA) territory, intracranial 
large-artery disease diagnosed by magnetic resonance angiography (MRA) was seen 
in 30 (71%) . Huang et al used TCD and carotid Duplex to study 96 Chinese patients 
admitted to Peking Union Medical College Hospital with transient ischemic attack 
(TIA). Intracranial stenosis or occlusion was found in 51% of patients and 
extracranial disease in 19% of patients'^. Among the intracranial arteries, the MCA is 
the most frequently affected v e s s e l . From our previous study, in 345 patients with 
vascular lesions, the MCA (73.3%), vertebrobasilar artery (VBA) (40.3%) and 
anterior cerebral artery (ACA) (35.9%) were the three most commonly involved 
vessels^. 
The middle cerebral artery is the largest intracranial artery. The anatomy of the 
MCA has been classified from two points of view: the first based on angiographic 
findings, using the relationship between the MCA and brain landmarks such as the 
sylvian fissure and the operculum^ and the second based on classic anatomic 
terminology. In the former, the MCA is classically divided into four segments 
according to anatomic landmarks. These segments are the Ml or sphenoidal segment, 
the M2 or insular segment, the M3 or opercular segment, and the M4 or cortical 
segment. In the second anatomic classification, the MCA is divided into the 
beginning, stem (or main trunk), penetrating lenticulostriate branches (deep 
penetrators), bifurcation or trifurcation (into an inferior and a superior trunk), and 
cortical arteries. The cortical arteries give no significant branches to one another. 
They end in a dense network of small arteries and arterioles that have anastomoses 
2 
with terminal end-to-end pial vessels of the posterior cerebral artery (PCA) and ACA 
in hemispherical border zones?. 
1.1.2 Methods for diagnosis of MCA stenosis 
Several diagnostic procedures are currently used to identify intracranial stenosis. 
These include digital subtraction angiography (DSA), transcranial Doppler 
ultrasound (TCD), magnetic resonance angiography (MRA), and computerized 
tomography angiography (CTA). 
DSA is considered the “gold standard" for the evaluation of extra- and 
intracranial artery disease. However, for routine diagnosis of MCA stenosis it is 
inexact because only one projection in the anterior-posterior plane is relevant for 
assessment. MRA delivers angiogram-like images, which can be projected in 
multiple planes by a three-dimensional postprocessing program^. Although MRA 
may overestimate the severity of stenosis, it is an established useful non-invasive 
diagnostic method for MCA stenosis, and is more sensitive than DSA '^^ ^. 
For intracranial arteries, especially middle cerebral arteries, where stenosis can 
be detected by TCD with different sensitivities and specificities, comparison with 
DSA and MRA have been reported previously"“l A sensitivity of 75% was reported 
in patients with MCA stenosis of at least 50% diameter reduction^. A few studies 
attempted to grade MCA stenosis depending on flow velocity in comparison with 
DSA or MRA1o，13. In 22 stenotic MCAs out of 18 patients, using systolic flow 
velocity of 140-209 cm/s, 210-280 cm/s and >280 cm/s as grading cut offs, there 
was poor correlation between TCD and MRA or DSA in grading of MCA stenosis^^. 
In 41 cases (including 31 abnormal MCAs), using systolic flow velocity of 140-180 
cm/s, 181-220 cm/s and >220 cm/s as the cut offs to compare with results of DSA, 
although an excellent correlation was found for severe stenosis, seven low-grade and 
three moderate stenoses were not revealed by DSA^l However, there are common 
problems in all previous studies. Firstly, TCD and DSA or MRA were performed 
during the acute stage of ischemic symptom onset in most of the s t u d i e s o r 
included both symptomatic and asymptomatic patients^^ Intracranial artery stenosis 
is a dynamic lesion after stroke onset with flow velocity change^^ Therefore, it is not 
appropriate to assess the reliability of TCD diagnosis of intracranial artery occlusive 
diseases compared with DSA or MRA. Secondly, none of these studies provide a 
suitable statistical method for how to determine the best cut-off point of flow 
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velocity for diagnosis of MCA stenosis and the best cut-off points for grading MCA 
stenosis. 
1.1.3 Possible mechanisms and progression of stroke with MCA stenosis 
Possible mechanism 
While most therapeutic efforts and experimental stroke models focus on the concept 
of complete occlusion of the MCA as a result of embolism from the carotid artery or 
cardiac chamber, relatively little is known about the stroke mechanism of intrinsic 
MCA stenosis. Possible mechanisms for cerebral infarction include thrombosis 
leading to complete occlusion, artery-to-artery embolism, hemodynamic compromise 
or a combination of these factors. 
Histological evidence of artery-to-artery embolism from a stenotic middle 
cerebral artery has been reported^^. Another pathologic study also revealed 
thromboemboli composed of fibrin and platelets which occluded the distal artery, 
and a thrombi formation on the surface of athromatous plaques was also found口. 
Multiple infarcts on diffusion-weighted imaging (DWI): DWI is able to detect 
even small cerebral infarcts and to differentiate acute from old ischemic lesions^^'^^. 
Therefore, multiple acute lesions on DWI were regarded as a good marker of 
underling embolic mechanism for ischemic stroke. This was supported by a greater 
frequency of multiple acute lesions seen in patients with cardiac embolic source and 
internal carotid artery stenosis^^'^^ Two recent studies from Korea found that MCA 
stenosis is the major underlying source for multiple MCA territory infarcts on 
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DWI，. However, there are no previous data to quantify and systematically analyze 
multiple infarctions on DWI in patients with MCA stenosis. 
MES detected by TCD: There have been few studies to document the frequency 
and significance of MES detected by TCD in patients with MCA 
next paragraph). 
However, decreased cerebral blood flow in the anterior and posterior border zone 
regions in patients with ICA and MCA occlusions has also been documented by 
positron emission tomography (PET) scan^^ Therefore, further studies to explore the 
pathophysiology of cerebral infarction in patients with intracranial atherosclerosis, 
especially during the acute stage, are needed. 
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Severity and progression of stroke in patients with MCA stenosis 
A benign clinical course of stroke caused by intrinsic MCA stenosis has been 
reported previously^^'^^. Hinton reported 16 patients with MCA stenosis diagnosed 
angiographically; TIA had occurred in 15 and infarction in 11, none presented more 
than a minor neurological deficit . Feldmeyer et al reported that minor deficit 
characterized 8 of 13 patients, including older patients with multiples atheromatous 
lesions along the carotid artery and younger patients with isolated MCA stenosis. In 
contrast, Corston et al reported a less good progression for patients with MCA 
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stenosis . There were few previous studies reported for the pattern of infarction 
caused by intrinsic MCA stenosis. Territory infarction, subcortical infarction and 
concomitant small cortical or subcortical infarctions on DWI were found in patients 
who had intrinsic MCA stenosis^ However, there are no data reported for the pattern 
of infarction in patients with MCA stenosis, and there have been no previous studies 
of the association between the clinical course and the possible mechanism of 
ischemic stroke. 
1.1.4 Treatment and prevention of stroke in patients with MCA stenosis 
Therapeutic managements for symptomatic MCA stenotic patients included several 
parts, as follows: 
1) Medical treatment for prevention of clot formation, propagation, and 
embolism (heparin, warfarin, drugs that modify platelet functions; and 
2) Interventional treatment (thrombolysis, percutaneous luminal angioplasty and 
extracranial-intracranial bypass). 
Medical treatment for prevention of thrombus formation, propagation, and embolism 
(heparin, warfarin, drugs that modify platelet functions) 
Despite the importance of intracranial stenosis as a cause of ischemic stroke, there 
have been no prospective trials evaluating medical treatment in patients with this 
disease. 
Heparin has a variety of different anticoagulant effects. It has been used most 
often during the acute phase of thrombosis or embolism. The effectiveness of heparin 
in ischemic stroke has not been well studied and the results were controversial. The 
results of two trials suggest heparin might be effective in patients with acute 
ischemic stroke caused by large artery thromboembolism. In a trial performed in 
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Hong Kong among 312 patients with acute ischemic stroke, low molecular weight 
heparin was more effective than placebo)�. There was a significant dose-dependent 
reduction in the risk of death or dependency among patients treated with low-
molecular-weight heparin. Although vascular studies were not mandated in this study, 
most patients with ischemic stroke in Hong Kong have intracranial artery occlusive 
disease2，5. In the Trial of ORG 10172 in Acute Stroke Treatment (TOAST), although 
treatment was not effective in the entire group of patients with ischemic stroke, there 
was effectiveness for the group of patients who were diagnosed as having large 
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artery atherosclerosis . These two results suggest the anticoagulation with heparin 
was effective in patients with large artery stenosis including MCA stenosis. Heparin 
would also be predicted to prevent acute recurrence of embolism in patients with 
cardiac-origin embolism^ \ Although it has theoretical effectiveness for preventing 
thrombosis or embolism, there is no clinical trial showing whether it is effective for 
depressing clot formation of the surface of atherosclerotic MCA stenosis and 
embolism originating from atherosclerotic MCA stenosis. The efficacy and safety of 
anticoagulation with heparin in patients with documented large artery atherostenosis 
and embolism originating from atherosclerotic intracranial artery stenosis should be 
further studied. 
The therapeutic effect of warfarin is to inhibit the action of vitamin K necessary 
for the biological synthesis of factors II (prothrombin), VII, IX, and X^ .^ Although 
there have been no published results to date of trials of warfarin in patients with 
documented cerebrovascular occlusive lesions, a retrospective review of patients 
with intracranial occlusive lesions suggests a probable benefit of warfarin over 
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aspirin . One hundred and fifty-one patients who had angiographically documented 
greater than 50% stenosis of intracranial anterior circulation (55% of patients) or 
posterior circulation (45%) arteries were treated with either aspirin or oral warfarin 
anticoagulants. Among 63 patients treated with aspirin, 15 patients (24%) had a 
stroke (median duration, 19.3 months), while among 88 patients treated with 
warfarin, 6 patients (7%) had an ischemic stroke (median duration, 14.7 months). 
More trials are needed in patients with documented intracranial large artery stenosis. 
For Caplan's personal experience, warfarin is given indefinitely in patients with 
severe stenosis of large arteries until the risk of thrombosis diminishes or 
anticoagulants become contraindicated (warfarin was stopped approximately one 
month after stenotic lesions were shown to have become occluded or after arteries 
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appeared recanalized on monitoring with CTA or MRA)^ " .^ Heparin should be given 
before beginning warfarin anticoagulation, because initiation of therapy with 
warfarin alone can be associated with an initial period of hypercoagulability. TCD is 
able to detect flow velocity change and MES segment of atherosclerotic MCA 
s t e n o s i s i5，24. These results may provide information for evaluating the stability of 
thrombus, which enable us to give anticoagulation of heparin or warfarin more 
reasonably in such group of patients. This also needs further studies. 
Aspirin is frequently used in this setting, based on studies that have shown a 
benefit of these agents for lowing the risk of stroke in patients with 
noncardioembolic TIA or minor stroke^^. However, its efficacy has not been 
established in patients with symptomatic intracranial large-artery disease. Moreover, 
the optimal therapeutic dosage of aspirin is still controversial. 
Ticlopidine, another antiplatelet agent, slightly more effective than aspirin for 
secondary stroke prevention in patients with noncardioembolic TIA or minor stroke^^. 
However, the efficacy of ticlopidine in patients with symptomatic intracranial artery 
stenosis has not been established. Ticlopidine is an effective drug, but side effects of 
diarrhea and skin rash, especially neutropenia and thrombocytopenia, require careful 
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monitoring . Clopidogrel is as effective as ticlopidine and has a much better safety 
prome37. 
Interventional treatment (thrombolysis, percutaneous luminal angioplasty and 
extracranial-intracranial bypass) 
Thrombolysis 
After the 1980s, streptokinase, urokinase, and recombinant tissue plasminogen 
activator (rt-PA) were used to treat cerebrovascular thromboembolism^^'^^ The Food 
and Drug Administration approved the use of rt-PA for the treatment of stroke 
patients if the drug is given within the first three hours of stroke onset. A range of 
20% to 89% good outcome has been reported from intra-arterial and intravenous 
thrombolytic studies^^"^^ Nevertheless, thrombolytic treatment of stroke patients is 
still a controversial topic in clinical medicine, because it increases the risk of 
hemorrhagic transformation of infarcts and frank intracerebral hematomas. There are 
no data for outcome and complications of thrombolytic treatment of stroke patients 
with MCA stenosis, but angiographically controlled studies show “ that emboli are 
more easily lysed than thrombi that form in situ in regions of atherostenosis. 
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Thrombolysis is less successful when there is severe underlying atherostenosis and 
when the thrombus is organized and adherent. In the presence of severe 
atherostenosis, lysis of small occlusive thrombi is usually only temporary. Thrombi 
often recur if the stenosis is not treated"^"^. That may indicate the thrombus on the 
atherostenosis of MCA is not satisfactory for treatment with thrombolytic agent. 
Percutaneous transluminal angioplasty (PTA) 
PTA for treatment of intracranial arterial stenosis has been reported since the 
1980s41"^ 7 It is technically feasible and effective, but its potential benefit should be 
weighted against its potential risks, such as acute occlusion derived from arterial 
dissection and vasospasm, and blockage of penetrating arteries during balloon 
insufflation45，48. Yokote et al reported four acute stroke patients who had MCA 
stenosis of more than 60% calculated angiographically and underwent PTA. One 
patient failure was due to reocclusion caused by arterial dissectioi/s. Touho et al 
reported 19 patients including eight lesions in the intracranial ICA, nine in the MCA, 
and two in the ACA. PTA could be performed in 13 patients. It has been suggested 
that PTA is indicated in patients with atherosclerotic stenotic lesions in the anterior 
cerebral circulation who have subnormal cerebral perfusion and low vasodilatory 
response to administration of acetazolamide'^^. 
Extracranial-intracranial bypass (EC-IC bypass) 
Intracranial bypass surgery is also a therapeutic option for patients with intracranial 
arterial stenosis. A large, randomized study of the effectiveness of such extracranial-
intracranial bypasses, however, proved that the surgery as it was customarily 
performed had no benefit"^ .^ In that study, patients with extracranial carotid occlusion, 
distal carotid occlusive disease, or MCA stenosis were randomized to medical 
therapy alone (risk factor management and anti-thrombotic therapy) versus medical 
therapy and EC-IC bypass. The results demonstrated that EC-IC bypass was 
ineffective for preventing stroke in these patients. Subgroup analyses of patients with 
MCA stenosis >70% showed that patients with EC-IC bypass had a poorer outcome 
than medically treated patients: 14 of 59 (24%) patients treated medically and 22 of 
50 (44%) patients treated surgically had a stroke during follow up (P<0.05/^ 
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1.2 Microembolic Signal (MES) Detection 
1.2.1 Introduction 
Elucidation of the mechanism responsible for cerebral infarction may have important 
clinical implications for effective treatment or prevention of stroke for intracranial 
artery stenosis. For example, warfarin should be the direction for clinical trials to 
prevent artery-to-artery embolism, while intervention strategies such as angioplasty 
should be studied to improve perfusion. Embolism is the one of major causes leading 
to acute ischemic stroke. A diagnosis of embolic stroke is usually made by the 
detection of an appropriate embolic source in a patient with a past stroke. Frequently, 
more than one potential embolic source exists; determining which is clinically 
relevant may be impossible. The indirect diagnosis of embolic stroke also results in 
management difficulties in stroke prevention. Recently, studies have evaluated a 
technique that allows the direct visualization of circulating emboli. 
The large acoustic impedance difference between air and blood results in a 
scattering of ultrasound at the blood-air interface and a marked increase in received 
ultrasound intensity as the bubble passes. This results in a brief, high-intensity signal. 
This technique was applied to develop safe decompression limits in divers and to 
investigate air embolism during cardiopulmonary bypass. In 1990, during recording 
for air emboli during carotid endarterectomy, similar signals, but of lower intensity, 
were noted during manipulation of the carotid bifurcation^^. This was before arterial 
opening and, therefore, these signals could not represent air emboli; it was suggested 
that they represented thrombus and platelet emboli. Despite initial scepticism that 
these signals represented anything other than artifacts or flow turbulence, it has been 
clearly demonstrated experimentally that thrombus, platelet, and atheroma emboli 
result in these characteristic Doppler signals^ \ 
1.2.2 Technology 
Spencer defined embolic signals as short (less than 100 ms) transients, ranging from 
3 to 60 dB above the Doppler background spectmm^^ They are unidirectional within 
either the advancing or receding velocity spectrum. They are random in occurrence 
in the cardiac cycle. The sound like harmonic chirps, whistles, or clicks, depending 
on their velocity. This original definition was a good basis for patient research in the 
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following years. During the Ninth International Cerebral Hemodynamic Symposium, 
a consensus committee elaborated the following basic features of microemboli: A 
Doppler MES is transient, usually lasting less than 300 ms. Its duration depends on 
its time of passage through the Doppler sample volume. The amplitude of a Doppler 
MES is usually at least 3 dB higher than that of the background blood flow signal 
and depends on the individual microembolus. Within the appropriate dynamic range 
of bidirectional Doppler equipment, a signal is unidirectional within the Doppler 
spectrum. Depending on the equipment used and its own velocity, a MES is 
accompanied by a “snap”，"chirp" or “moan” on the audible output^^. 
Characteristics of MES 
Characteristics of MES detected in an in vitro model or detected in the MCA in 
patients with internal carotid artery stenosis or cardiac source were described as 
follows: 
1) Short duration: MES had a short duration. The likely duration of such signals can 
be calculated from the velocity of blood flow in the artery and the Doppler 
sample volume length. Presently, Doppler signal is analyzed by fast Fourier 
transformation (FFT) system. An embolic signal is displayed as pre-FFT time 
domain signal and then displayed as post-FFT spectrum. From pre-FFT time 
domain data, the duration of embolic signal can be calculated. A signal with high 
frequency has short duration; in contrast, a signal with low frequency has 
relatively long duration. Most embolic signals have duration of 2-100 ms. A 
mean duration of MES detected in patients with internal carotid artery stenosis of 
47 ms has been reported^^. 
2) High intensity increase: Embolic signals have high intensity increase compared 
with blood background. Because of unknown attenuation by the tissue between 
transducer and embolus, it is impossible to make direct measurements of embolic 
intensity. The signal from the surrounding blood, which is subject to similar 
attenuation, is used as a standard scatter with which the embolic signal can be 
compared. Thus, embolic intensity is usually expressed in decibel (dB) relative to 
the signal from blood "^^ . The range of intensity varies depending on the size and 
composition ^^ 
3) Unidirection on TCD system: An embolic signal usually appears within the 
spectrum with unidirectional signal and is frequency-focused. In contrast, an 
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intensity increase due to an artifact is bi-directional, appearing on both sides of 
baseline at low frequencies. This difference usually allows easy differentiation of 
MES from artifacts^^, except on rare occasions in which a predominantly 
unidirectional intensity increase occurs that is maximal at low frequency. 
4) Time delay between two channels: The use of a multi-gated transducer allows 
unambiguous differentiation between embolic signals and artifacts. Theoretically, 
an embolus should appear sequentially, with a time delay between two channels, 
but an artifact should appear simultaneously in the two channels. In an in vitro 
model, the mean time delay was 17.32 (9.94) ms for air emboli and 17.78 (10.66) 
ms for thrombus emboli compared with -0.01 (0.39) ms for artifact. A sensitivity 
of 100% and specificity of 100% were obtained when a cut-off of >2 ms was 
used for an embolus. In a patient group, the mean time delay was 29.6 (28.2) ms 
for valve MES and 14.9 (15.42) ms for carotid MES compared with 0.00 (0.46) 
for artifacts^?. However, no study has reported the time delay between two 
channels in patients with MCA stenosis. 
Factors that affect MES detection 
The detection of MES is based on the measurement of the backscatter from the 
emboli. The backscatter of the ultrasound from normal flowing blood is usually 
lower than the backscatter from solid or gaseous emboli. The most important 
technical parameters affecting the detectability of MES are 1) the relationship 
between the backscattered power from emboli and that from the blood (relative 
intensity increase), 2) the detection threshold, 3) the size of the sample volume, 4) 
FFT frequency resolution and the FFT temporal resolution, 5) the FFT temporal 
overlap, 6) the dynamic range of the instrumentation, 7) the transmitted ultrasound 
frequency, 8) filter settings, and 9) the recording time. The setting of the ultrasound 
instrumentation strongly influences the detectability ofMES^^ 
1) Measurement of relative intensity increase: The relative intensity increase of the 
embolic signal is presently measured in different ways. Different types of signal 
analysis are used in the different devices, including different ways to calculated 
signal intensity and blood intensity. In frequency domain-based analysis, for 
instance, peak intensity or mean valve within the defined time frame and 
frequency range are used to calculate embolic signal intensity. The mean or 
median value at a location that is similar to the signal in the preceding cardiac 
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cycle or comprising time frames preceding the embolus and whole sweep 
including signal-free areas of screen are used to calculate the signal of blood^^. 
The absolute values of intensity for the same embolic signals vary markedly for 
the different measurements^^. 
2) Detection threshold: At present, greatly different decibel thresholds ranging from 
3 to 9 dB have been recommended for discriminating MES from the general 
background noise and from spontaneous, speckle-like intensity fluctuations of the 
physiological Doppler flow signal^ '^^ '^^ .^ There are two possible ways of 
determining the detection threshold of microemboli in decibels for a given device: 
either by defining the range of spontaneous intensity fluctuations with the 
Doppler signals of normal controls or by defining fluctuations on a case-by-case 
basis during emboli-free It is not yet clear whether thresholds 
defined in a middle cerebral artery can be used for other intracranial arteries or 
for poststenotic middle cerebral artery flow spectra. A higher detection threshold 
used results in lower sensitivity, but higher specificity and higher intercenter 
agreement^^. 
3) The size of sample volume: The beam width emitted from the source transducer 
defines the cross-section of the sample volume at the insonation depth. For a 
given probe, the beam width varies with insonation depth. Unfortunately, the 
beam can be severely distorted by the human skull in an unpredictable manner, 
and the best the investigator can do is to ensure that the “ undistorted" beam has 
an adequate diameter to cover the whole of the middle cerebral artery at the depth 
of insonation in a fairly uniform ±3 dB manner. However, the axis length of the 
sample volume can be easily manipulated by the operator. The axial length of the 
sample volume strongly influences measurements of relative intensity increase. 
The relative intensity increase is measured by ratio of the backscatter cross 
section of the embolus to the backscatter cross section of the blood from the same 
sample volume '^^ . When the sample volume is increased, more red blood cells 
and starch solution particles are insonated, which results in the background 
intensity increasing faster than the embolus signal. Therefore, as sample volume 
increases, the relative intensity increase of embolic signal decreases^^ A small 
sample volume produces the best embolic signal-background differentiation. 
However, very short embolic signals might be missed when the sample volume is 
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too small. At present, there is no good evidence for an ideal axial length, but 
most investigators use a value for sample volume length (>2 and <= 10 mm)^^. 
4) The Fast Fourier Transform (FFT) frequency resolution and temporal resolution: 
The frequency resolution of an FFT is given by the reciprocal of the temporal 
resolution; therefore, it is impossible to simultaneously obtain both high temporal 
and high frequency resolution, and some form of compromise is necessary^"^. 
Embolic signals vary considerably in duration, but are generally in the range of 
10 to 100 ms. To obtain a reasonable temporal resolution, the data segment 
analysed should, therefore, not usually exceed 10 ms and should preferably be 
less. When these data lengths are used, the spectral resolution of the FFT is 100 
to 200 Hz; therefore, an FFT resolution of 64, 128, or 256 frequency points is 
preferred at present. For short embolic events, the lower the FFT frequency 
resolution, the stronger the event will appear in the display, since the percentage 
of the input data samples representing the embolic event is higher. From this fact, 
one might expect that the lower the FFT resolution, the better it would be for 
emboli detection. 
5) FFT time window overlap: A temporal overlap of adjacent FFT time frames is 
essential to avoid gaps in the continuous frequency analysis, which would allow 
emboli to escape registration. If there is no overlap between two adjacent 
windows, a signal sampled between the two windows will not be detected^l In 
practice, this could lead to the phenomenon that individual embolic signals may 
be audible from the analogue signal but not be visible in the post-FFT display on 
the screen. Degree of overlap can be adjusted by changing sweep speed and 
velocity scale. A faster sweep speed results in higher FFT overlap, but a higher 
scale results in lower FFT overlap. An FFT overlap of at least 50% is essential, 
smaller overlaps (e.g., 10%) risk the danger of missing individual MES^^. 
6) Dynamic range of the instrumentation: Gaseous or large solid emboli can 
produce echoes of such high intensity that overload occurs. This prevents 
assessment of both the relative intensity increase of the echoes and the velocity of 
the embolus. It also makes a visual discrimination of artifacts from MES difficult. 
The devices presently marketed have dynamic ranges on the order of 30 dB. In 
clinical practice, the background signal is minimized by using a low power and 
low gain to allow the strong embolic signal to be completely displayed within the 
dynamic range of the instmmenP. 
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7) Transmitted ultrasound frequency: The characteristics of the embolic signal and 
background signal vary with the transmitted ultrasound frequency. The most 
frequently used frequency is 2 MHz. The sensitivity is lower with much higher 
frequencies^^. 
8) Filter setting: High-pass filters suppress low frequencies originating from arterial 
wall oscillations. A frequency-filtering analysis approach increased MES relative 
intensity and, in an off-line system, detected MES had relatively low frequency 
in patients with carotid stenosis with a high sensitivity^^. 
9) Recording time: The optimal recording time depends on the study population, 
specifically on the rate of embolic events. In most studies, 30 minutes, 1 hour or 
more are used^ '^^ ^"^ .^ The preferred recording time for patients with carotid 
stenosis or arterial fibrillation is at least 1 hour, but the time may need to be 
shortened in acute stroke patients . Repeating monitoring in patients with carotid 
stenosis increases the proportion of MES positive patients, and the predictive 
value of the technique might be increased^" '^^ .^ 
Problems of technology 
Automatic embolus detection: Besides the long recording time of 1 h, more than 
another hour is needed for the evaluation of the tape and to perform a proper analysis. 
This makes embolus detection very time consuming and laborious. There have been 
several approaches to automated embolus detection. Some software uses only the 
relative intensity increase of the embolic signal compared with the background 
spectmm73. The problem with this method is that artifacts can produce similar 
relative intensity increases. By considering only signals within the spectrum and 
excluding signals on both sides of the baseline, the latter method was made more 
refined73，76’77, ^^ sensitivity and specificity of automated embolus detection are 
mainly derived from studies of the very high intensity embolic signals of artificial 
cardiac valves or tube models, but not of the weaker MES from carotid artery disease. 
Currently, no reliable, commercially available, automated method of MES detection 
exists. The gold standard is to record the raw Doppler signal onto digital audio tape 
and subsequently play it back through the signal processor, reviewing it in real time 
both visually and audibly^ '^^ '^^ ^ The major difficulty remains in the detection of low-
intensity MES and in differentiation from Doppler speckle. 
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In certain situations, the ability to differentiate between solid and gaseous emboli 
may have clinical use. During interventional procedures such as angiography, carotid 
endarterectomy, and cardiopulmonary bypass, numerous gaseous emboli occur. In 
addition, fewer solid emboli probably arise, but these are likely to have greater 
clinical significance. Is it possible to distinguish an embolic signal composed of solid 
or gas by signal intensity? In an in vivo model, in the same size, solid emboli such as 
thrombi and platelet aggregates result in less intense signals than air emboli. In the 
same material, for all embolic materials, there was a highly significant relation 
between embolus size and maximum amplitude of the Doppler s i g n a P . There is 
considerable overlap of intensities corresponding to particles of differing 
compositions and sizes. For a given material, signal intensity rises with embolus size, 
but if neither material composition nor size is known, as usually occurs in clinical 
practice, accurate characterization of individual emboli is impossible. There has been 
recent interest in the use of a dual-frequency transducer to differentiate between 
gaseous and solid emboli, relying on the observation that the relative MES intensity 
differs for different materials across frequencies. The situation in vivo is more 
complex for a number of reasons, including beam irregularities resulting from 
nonuniform transmission of ultrasound through the skull. Further validation studies 
are required, both in vitro using more clinically realistic embolic materials and with 
insonation through bone and in vivo. 
1.2.3 Clinical application 
This technique offers the opportunity to study the pathogenesis of cerebral ischemia 
and may allow identification of patients who are at highest risk of stroke. One 
striking feature is the high frequency of asymptomatic MES in patients with potential 
embolic sources. 
MES originating from atherosclerotic carotid artery disease 
In a study of 89 patients with high grade ICA stenosis, Siebler and coworkers^^ found 
that MES are more prevalent and frequent in symptomatic than asymptomatic 
patients. The occurrence of two or more MES per hour had a positive predictive 
value of 0.88 for a history of symptoms in the last four months. Ries at al studied 43 
patients with 18 asymptomatic and 36 symptomatic carotid artery lesions and 
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• 80 occlusions . MES were detected more frequently in the presence of symptomatic 
than asymptomatic carotid disease. Markus and associates also reported MES to be 
significantly more common ipsilateral to symptomatic carotid artery stenosis than 
ipsilateral to asymptomatic stenosis^^ Eicke et al found a positive relationship 
between the occurrence of MES and a history of stroke and transient ischemic 
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attacks . In symptomatic patients, there was a significant inverse relationship 
between the number of MES per hour and time elapsed since last symptoms, but they 
were still present at two weeks^ '^^ ^, and even five months after symptom onset in one 
patient82. 
The presence of MES is also associated with increased severity of stenosis^l 
There was a strong association between plaque ulceration, intraluminal thrombosis, 
and downstream cerebral microemboli. There were no correlations of 
microembolism with plaque fissuring or intraplaque hemorrhage^'^. Further study 
found that MES were more common in subject with plaque ulceration, with a relative 
risk of 4.94 after controlling for both symptomatic status and degree of stenosis?�In 
two prospective studies in patients with symptomatic and asymptomatic carotid 
stenosis, the presence of MES independently predicted subsequent transient ischemic 
attack and stroke risk^^'^l 
MES detection in internal carotid endarterectomy (CEA) 
Another indication of the clinical relevance of silent cerebral microemboli was found 
in TCD studies before and after carotid surgery. The North American Symptomatic 
Carotid Endarterectomy Trial (NASCET^ and the European Carotid Surgery Trial 
(ECST)87 investigators reported a marked effect in terms of secondary stroke 
prevention after CEA for high-grade carotid artery stenosis. Embolic signal detection 
before and after operation showed the frequency of MES substantially reduced after 
CEA, which clearly demonstrated the effect of CEA in preventing MES in the 
ipsilateral MCA^^ Moreover, the inverse relationship between the number of MES 
and the interval from the last symptomatic episode suggests that the preventive effect 
of CEA might decrease if the operation is delayed^l However, carotid 
endarterectomy itself can produce cerebrovascular complications. Embolism is the 
principal cause of cerebrovascular complications from CEA; hyperperfusion and 
hypoperfusion are also important causes according to the relationship between 
complication and TCD results^^ They also indicate that TCD provides information 
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that allows prompt identification and treatment of these three major causes of stroke 
from CEA. The perioperative stroke rate can be reduced by appropriate measures, 
taken by the surgeons, based on findings of TCD monitoring. During the procedure, 
atheromatous plaque is removed, and the denuded area of endothelium is a potent 
stimulant for platelet adhesion. Asymptomatic embolization in the ipsilateral middle 
cerebral artery is frequent after the procedure, and high rates predict early 
postoperative stroke and risk of transient ischemic attack^^. 
MES detection in patients with MCA stenosis 
There have been few studies to document the frequency and significance of MES 
detected by TCD^^'^^'^l Nabavi reported 10 patients who had MCA stenosis were 
successfully performed MES monitoring with a two-gate transducer. Two patients in 
the acute stage had MES suspected to be caused by MCA stenosis, and one 
asymptomatic patient had MES that suggested coexisting carotid artery stenosis, 
because MES were recorded in both the prestenotic and poststenotic segment of 
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stenosis . In our pilot study, a small group of 20 symptomatic patients were studied. 
MES was found infrequently (15%) in symptomatic acute stroke patients but not in 
asymptomatic patients with MCA stenosis^" .^ In another study including 58 patients 
(78 chronic MCA stenosis including 37 symptomatic stenotic MCAs and 41 
asymptomatic stenotic MCAs), MES monitoring was successfully performed in 70 
stenotic MCAs. Absence of MES both in symptomatic and asymptomatic stenotic 
MCAs was reported^I In a recent study，among 29 patients with symptomatic and 
asymptomatic MCA stenosis, 36% of 20 symptomatic patients were observed MES 
in acute stage, but none were found in the chromic phase or in asymptomatic 
stenosis2). These previous studies either had small sample sizes'^'^^'^^ or MCA 
stenoses coexisting with other embolic source^^'^^ 
Predicting value and application in the therapeutic trial 
MES monitoring might open up new perspectives for the evaluation of antiplatelet 
treatments. Because of the much greater frequency of asymptomatic MES compared 
with stroke, their use as a surrogate end point may allow the determination of 
efficacy in small patient numbers. For any such model to have clinical relevance, it 
must be shown that MES relate to outcome in that particular setting 卯 This has been 
demonstrated by several studies about internal carotid artery stenosis, CEA and 
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patients with stroke or transient ischemic attack (TIA) of presumed arterial 
origin68，69,85,9i-93 siebler et al indicated that a microembolic rate of least two per hour 
in the ipsilateral middle cerebral artery is associated with a substantially increased 
risk of developing ischemia of the corresponding carotid territory in asymptomatic 
patients with 70% to 90% of internal carotid artery stenosis^^ A retrospective data 
reported by Babikian et al showed that more recurrent cerebral or retinal ischemic 
events occurred in the territory of MES positive arteries (9/61; 14.8%) than in the 
territory of MES negative artery (1/249; 0.4%)(P<0.00)^1 Sixty-five patients 
undergoing CEA were studied at intervals up to 24 hours postoperatively with TCD 
insonation of the MES ipsilateral to the operation side by Levi et al^^. They found 
that frequency signals (>50 MES/h) occur in approximately 10% of patients in the 
early postoperative phase of CEA and are predictive for the development of 
ipsilateral focal cerebral ischemia. Molley et al demonstrated that asymptomatic 
embolization in patients with carotid artery stenosis correlates with known markers 
of increased stroke risk and is an independent predictor of future stroke risk in 
patients with both symptomatic and asymptomatic carotid stenosis^l Valton et al 
studied 73 patients with carotid stroke, eight patients had ischemic recurrence dumg 
a mean of follow-up days. The incidence of early ischemic recurrence was higher in 
patients with MES than in patients without MES^^ 
Molloy et al using the model of frequent MES after CEA, efficacy of S-
nitrosoglutathione, a nitric oxide donor with proposed relative platelet specificity, 
has been demonstrated 94. A significant reduction of the number of MES in the S-
nitrosoglutathione-treated group was achieved with a small sample size of 12 in 
study and control group. Recent data reported by Kaposzta et al showed that the 
number of MES after CEA in both L-arginine and GSNO groups reduced versus 
control group of 14 in each group^^ This study demonstrates the potential application 
of MES detection to determine the efficacy of new antiplatelet agents in relatively 
small numbers of patients. This A case report shows that MES was reduced after 
treatment with intravenous heparin in a case of internal carotid dissection^^ 
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2.1 Transcranial Doppler (TCD) Diagnosis for Intracranial Artery Stenosis 
2.2 Microembolic Signal (MES) Detection by TCD 
TCD is a non-invasive method that enables assessment of cerebral artery 
occlusive disease. It was introduced to clinical use in 1982^ Diagrams and pictures 
are very important for understanding the principles of TCD and cerebral blood 
vessels, as well as for interpretation of TCD waveform and microembolic signal 
event. For these reasons, introduction of methodology of TCD diagnosis for 
intracranial artery stenosis and MES detection will rely heavily on a number of 
illustrations. 
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2.1 Transcranial Doppler (TCD) Diagnosis for Intracranial Artery 
Stenosis 
2.1.1 TCD spectrum and common parameters (Fig 2-1-1) 
This figure illustrates the middle cerebral artery (MCA), one major intracranial 
cerebral artery of cycle of Willis, was detected by a 2 MHz probe through temporal 
window and a TCD spectrum obtained by TC2020 device. 
From this TCD waveform, the Y axis represents the flow velocity of blood in the 
insonated artery. X axis represents the speed of sweep it can be adjusted by operator 
through remoter control or hot key. More spectmms display on the screen, more slow 
speed of sweep was set. There are five TCD spectmms in this given screen and one 
spectrum represents one cardiac cycle. Therefore, the spectrum comprises of systole 
and diastole. The peak point represents peak systolic velocity (PSV), well as the 
valley point represents end diastolic velocity (EDV). The peak systolic and end 
diastolic flow velocity are able to read on the scale or shown on the parameter box 
measured in centimeters per second with systolic flow velocity of 80 cm/s, diastolic 
flow velocity of 39 cm/s and mean velocity (MV) of 54 cm/s on this spectrum. Mean 
velocity is calculated by averaging all instantaneous velocity values obtained over a 
cardiac cycle (time mean), or it may be derived using this formula: MV = 
PSV+(EDV x 2 ) / 3 \ There are remaining two parameters, one is the depth shown on 
the top and the other is pulsitility index (PI) on the bottom. Depth indicates the 
distance between the center of insonated artery and the probe. PI describes the shape 
of spectrum. 
2丄2 Emitting and receiving transducers (Fig 2-1-2) 
This figure illustrates the principle of emitting and receiving transducer. The 
probe comprised emitting and receiving transducers. The emitting transducer 
transmits the ultrasound waves at frequency f l , whereas the receiving transducer 
receives the waves at frequency f2 that have been backscattered from the red blood 
cells moving in the artery. The flow velocity is calculated according to the effect of 
Doppler frequency shift. 
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Fig 2-1-1: TCD spectrum and common parameters 
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Fig 2-1-2: Emitting and receiving transducer 
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2.1.3 Pulsitility index (PI) (Fig 2-1-3) 
PI is a common measure for describing the shape of signal waveforms. PI is 
calculated by the formula of PI = (PV — EDV) /MV\ Generally, intracranial arteries 
have relatively low PI comparison with extracranial arteries due to low resistance of 
intracranial artery. PI is increased when there is a stenotic lesion in the downstream 
of the insonated artery, such as the PI of CCA is increased when there is severe 
stenosis or occlusion of ipsilateral ICA� . Increased PI is also associated with the 
increased intracranial pressure '^"^. PI is decreased when there is a stenotic lesion of 
the extracranial conducting arteries. For example, the ipsilateral middle cerebral 
artery (MCA) and siphon artery (siphon A) is decreased when severe extracranial 
ICA stenosis or occlusion^. Decreased PI is also associated with low intracranial 
vascular resistance (e.g. arteriovenous malformations or fistulas)^. 
2.1.4 Insonation depth and flow direction (Fig 2-1-4) 
This figure illustrates how to get the flow direction and how to know the depth 
between the probe and insonated artery. A probe insonated the blood cells moving in 
the artery through transmitting frequency (fl) and get receiving frequency (f2). 
Relative to the probe, there are two directions blood cells can move: towards or away 
from the probe. The red arrow represents the blood flow toward the probe, well as 
the blue arrow represents the blood flow away from the probe. When the blood flows 
towards the probe, the receiving frequency is higher than the emitting frequency, and 
the Doppler waveform shows a positive value above the zero baseline. When the 
blood flows away from the probe, the receiving frequency is less than emitting 
frequency, and the Doppler waveform shows a negative value below the zero 
baseline. Flow direction is a very important parameter for identifying which 
intracranial artery is being insonated and for assessing the presence of pathological 
collateral blood supply. 
As mentioned above, depth means the distance between the insonated sample and 
the probe. Distance cannot be recorded directly, but can be calculated according to 
the 1) time difference between emitting and return of a burst ultrasound wave, and 2) 
speed of this ultrasound wave, distance. Therefore, depth can only obtained with a 
PW transducer. Depth cannot be obtained with a CW transducer because no emitting 
and return time is present because the ultrasound wave is transmitted continuously. 
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Fig 2-1-4: Insonation depth and flow direction 
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2.15 Continuous wave (CW) and pulsed wave (PW). (Fig 2-1-5) 
There are two types of emitting transducer, CW and PW. The ultrasound wave is 
transmitted continuously from the CW transducer; in addition, an ultrasound wave is 
transmitted by a burst from PW transducer (Fig 2-1-E). 
Three kinds of probe, 2 MHz, 4 MHz and 8MHz are available in most TCD 
equipment. The 2 MHz probe is used to detect intracranial arteries through temporal 
window, orbital window and suboccipital window. The PW transducer is only 
available in the 2 MHz probe. The 4 MHz probe is used to detect extracranial arteries. 
The 8 MHz probe is used to detect more superficial arteries such as the radial artery 
and the supertrochlear artery. Both CW and PW transducers are available in 4 MHz 
and 8 MHz probes. 
2.1.6 Normal intracranial arteries through temporal and suboccipital window (Fig 
2-1-6) 
The middle picture illustrates the cycle of Willis. The orange arteries represents 
the anterior circulation, well as the brown arteries represents the posterior circulation. 
The anterior circulation includes the terminal internal carotid artery, anterior cerebral 
artery (ACA) and middle cerebral artery (MCA). The posterior circulation includes 
posterior cerebral artery (PCA), vertebral artery (VA) and basilar artery (BA). There 
are also one anterior communicating artery (AcoA) connecting bilateral ACA, or two 
posterior communicating arteries (PcoA) connecting internal carotid artery (ICA) and 
PCA. Bilateral ICA system was connected through AcoA, well as anterior circulation 
and posterior circulation was connected through PcoA. In normal condition, there is 
no blood flow passing though AcoA or PcoA due to balance in bilateral ICA system 
and balance between anterior and posterior circulation. 
Through the temporal window, MCA, ACA and PCA were insonated with 
different direction and depth ranges. Through the suboccipital window, VA and BA 
were insonated. The arrow direction represents the flow direction of this artery 
corresponding to the probe. The different color spot represents different insonated 
artery and its corresponding TCD waveform. 
1) MCA. Flow towards the probe at depths ranging from proximal around 60-68 
mm to distal around 30-40 mm. Insonation depth was started from 56 mm, 
and then tracked to as shallow as possible, usually < 40 mm or when 
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bifurcation or trifurcation appeared. The insonation depth was then set at 56 
mm again, and then increased progressively to proximal depth, usually > 66 
mm. The TCD spectrum was recorded in each 4 mm decrement. MCA can 
also be detected through contralateral temporal window at the depth of more 
than 90 mm or contralateral orbital window at the depth more than 80 mm 
with flow away from the probe. Flow velocity should decrease during 
compress ipsilateral common carotid artery (CCA) if no hemodynamic 
ipsilateral internal carotid artery (ICA) occlusive lesion exists. Flow velocity 
reduction with damping waveform (low PI) strongly indicate the presence of 
severe ipsilateral ICA stenosis or occlusion^ 
2) ACA: Flow away from the probe at depths ranging from 60 to 70 mm. Flow 
velocity decrease or reverse during compress ipsilateral CCA depending on 
presence of the anterior communicating artery. ACA can also be detected 
through contralateral orbital window at the depth around 70 to 80 mm with 
flow toward the probe. The blood flow of ACA decreased or reversed during 
compressing the contralateral CCA indicate the presence of lateral to lateral 
collateral blood supply and potential existence of ipsilateral ICA occlusive 
disease^. 
3) PC A: Flow towards the probe on PCA-Pl segment and away from the probe 
on PCA-P2 segment at depths ranging from 60 to 70 mm. Flow velocity 
increase or no change during compress ipsilateral CCA depending on 
presence of a posterior communicating artery. In some cases, the flow 
velocity will decrease during compress CCA test if the PC A arising from ICA. 
Flow velocity may increase in the period of eyes opening or decrease in the 
period of eyes closing. 
4) VA: Flow away from the probe at depths around 60 to 80mm. 
5) BA: Flow away from the probe at depths around 90 to 110 mm. 
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2.1.7 Normal intracranial arteries through orbital window (Fig 2-1-7) 
The middle diagram is the lateral view of the internal and external carotid artery. 
Brown arteries represent the ICA system while the orange arteries represent the 
external carotid artery (ECA) system. Major intracranial segments and branches of 
ICA are labeled with brown words. The siphon artery (siphon A) usually refers to the 
C3 segment of ICA. Flow runs anteriorly first and ascends slightly before turning 
posteriorly again. The ophthalmic artery (OA) runs anteriorly originating from the 
siphon A. The supertrochlear artery is a branch of the OA. There are anastemosis 
between OA or siphon A and branches (maxillary artery and facial artery) of EC A. 
1) OA is detectable through the orbital window at depths of 40 to 60 mm with 
flow direction toward the probe. There is a short segment of overlap with 
siphon-A at the depth around 60 mm. OA is an extracranial artery, therefore, 
the TCD spectrum is satisfy a high resistance flow pattern with low diastolic 
velocity and high pulsitility index. Appearance of reversal flow direction and 
intracranial low resistance waveform usually indicate occurrence of 
hemodynamic obstructive lesion in extracranial ICA^ However, the flow 
direction of OA is normal if the ICA occlusion located in the intracranial 
segment distal to OA� . 
2) Siphon A is detectable through the orbital window at a depth of 60 to 75 mm 
with flow direction toward and away from the probe. Flow in the parasellar 
portion of the ICA below the gene of the siphon produces signals traveling 
toward the porbe, whereas flow in the superaclinoid segment of the ICA 
above the gene the blood flow away from the probe. 
3) Supertrochlear artery is detectable in the inside of eye by 4 or 8 MHz with 
direction toward the probe. In normal condition, flow velocity will increase 
during compress ipsilateral facial and maxillary arteries in the same time. 
21.8 Normal extracranial arteries (Fig 2-1-8) 
At the neck, CCA, ICA, EGA, subclavian artery (Sub A) and proximal segment 
of VA are examined conventionally. 
• Approaches: CCA was examined with the probe toward the heart. Probe was 
changed to toward the head afterwards and moved up from a point above the 
clavicle to the carotid bifurcation. The ICA is usually found lateral to the EGA, 
and its course can almost always be traced continuously as far as its 
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submandibular portion. Sub A is examined in the position above the clavicle with 
inferior and interior direction of probe. Proximal segment of VA can be easily 
detected by slightly rising the transducer from the site to detect the subclavian 
artery or slightly turning the probe to posterior from the site to detect the CCA. 
• Characteristics of arteries: 
1) CCA. The flow signal of the CCA had a rough sound with PI between ICA 
and ECA because the blood flow supply to both intracranial and extracranial 
arteries. In some cases, CCA is confused with superior thyroid artery (branch 
of ECA) or the proximal segment or origin of vertebral artery. Through 
compression of the vertebral artery at the mastoid slop, compression of 
thyroid or moving up or down along the neck may help to distinguish these 
arteries. 
2) ICA. Flow direction of ICA is away from the probe with a PI similar to 
intracranial artery (low resistance waveform), which is usually less than 1.0. 
Confusion with the V2 segment of vertebral artery is possible in some cases 
especially in patients with ICA occlusion^. So it s important to move the 
probe progressively up the vessel, the flow signals of ICA are continuously 
recorded. The same TCD waveform between the V2 segment and the 
proximal segment of vertebral artery is also benefit to distinguish ICA and 
VA. 
3) ECA. Flow away from the probe, the pulsitility index is more than 1.0 (high 
resistance waveform). Flow velocity vibrated during compression of 
maxillary or facial artery. 
4) Sub A. Flow toward the probe on proximal segment with high PI and early 
reversal diastolic flow. 
5) Proximal segment of VA: Flow toward the probe with similar waveform to 
intracranial artery. Vibration appears during compression of the mastoid slop 
of VA. Waveform change or flow direction change usually indicate presence 
of subclavian steal syndrome caused by severe stenosis or occlusion of 
subclavian artery before the origin of VA '^^ . 
37 
--• • 面 
iL ^ 1 1 V / J h t e ^ w 
I … . . ： b c a \ : 霞 
L supertroch丨ear A K Siphon A, D 60-75mm 
Fig 2-1-7: Normal intracranial artery 
(through orbital window) 
Wmm^^ a 
嶋 ^ ！ 
f l ^^Bf^J^m Q VApro. 
S^HPil 
E P • Subclavian A 
I ” . . M 
o CCA 
Fig 2-1-8: Normal extracranial arteries 
38 
2.1.9 TCD diagnosis for intracranial artery stenosis (Fig 2-1-9) 
The TCD waveform profile represents the distribution of flow velocity across 
the vessel in a specific point in the cardiac cycle. The outline curve represents the 
peak velocity in a specific point in the cardiac cycle. The zero baseline means the 
flow velocity is zero in that point. The color on the spectrum represents the intensity 
of signal, high signal represent red spots, the low signal represent blue spots. So, 
color in the definite area represent the number of red blood cells with velocity in that 
level. 
In normal condition, red blood cell fluid in an artery with regular flow. Velocity 
in the centre is higher that near the vessel wall. Because majority of red blood cells 
have similar velocity near the peak velocity, in normal TCD waveform, yellow and 
red spots distributed in the area of outline with less low velocity near the line. This 
blue area above zero baseline called waveform window. 
In the case of artery stenosis, flow velocity will be increased in the segment of 
stenosis, with disappearance of waveform window and turbulence caused by 
disturbed or turbulent flow pattern. The phenomena of disappearance of waveform 
window and turbulence displays as the red area move down to the baseline due to the 
number of red blood cells with high flow velocity was decreased, as well as the 
number of red blood cells with low flow velocity was increased. 
Criteria for diagnosis of MCA stenosis: The criteria for the presence of stenosis 
for MCA were defined using the peak systolic velocity as > 140 cm/s in this study^^. 
Except flow velocity, spectral waveform changes offilling-in of the systolic window, 
negative flow components, turbulence on bilateral side of baseline and musical or 
non-musical mummers are additional parameters for assessing the presence of MCA 
stenosis. 
2.1.10 Example of multiple intracranial stenosis (Fig 2-1-10) 
Flow velocity increase was detected in left MCA at the depth from 68 to 40 mm 
and right PCA with turbulent and disturbed flow pattern. MRA showed multiple 
intracranial arteries stenosis including bilateral MCA and bilateral PCA. But 
increased flow velocity can be detected on the right MCA caused by severe stenosis 
on right extracranial ICA with systolic flow velocity of 220 cm/s. 
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2.2 Microembolic Signal Detection 
2.2.1 Device of MES monitoring (Fig 2-2-1) 
The transcranial pulsed Doppler ultrasound device (TC2020, Nicolet-EME) with 
a 2 MHz bi-gates transducer was used. The 2 MHz bi-gates monitor transducer was 
fixed to the ipsilateral temporal window with the Marc 500 TCD probe fixation head-
frame (Spencer technologies). 
In addition, the audio Doppler signal of all two channels was continuously 
recorded onto a four-channel digital audio tape recorder (TA-88, TEAC Corporation) 
with normal speed. 
2.2.2 Insonated artery and depth (Fig 2-2-2) 
A stenotic MCA is monitored by a 2 MHz probe. This 2 MHz bi-gates monitor 
transducer is able to detect two different depths simultaneously. The channel near the 
proximal of MCA is defined as proximal channel, well as the channel far from the 
proximal segment of MCA is defined as distal channel corresponding to the probe. 
Because blood flow fluid from internal carotid artery (ICA) to MCA, the MES is 
detected in proximal channel first and then in distal channel. In this study, both 
depths (channel) were adjusted in the stenotic segment or distal to stenosis of the 
affected MCA through the temporal window for all patients. Distance between two 
depths was adjusted to 8 to 10 mm. 
For testing the source of embolic signal detected in the distal segment of MCA 
stenosis, apart from the conventional channel setting, additional monitoring with 
different insonation depths was performed after the first 30 minutes MES monitoring. 
Three additional settings were used. One channel before the stenotic segment while 
the other channel was within or distal to the stenotic segment, one insonated channel 
in anterior cerebral artery and the other channel in the affected middle cerebral artery, 
and one channel contralateral while the other channel was within the affected middle 
cerebral artery. 
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2.2.3 Axis length of the sample volume (Fig 2-2-3) 
The axial length of the sample volume strongly influences measurements of relative 
intensity increase and can be easily manipulated by the investigator. The relative 
intensity increase of an embolic signal is measured by the ratio of the backscatter 
cross-section of the embolus to the backscatter cross-section of the blood from the 
same sample volume Figure 3-2-C illustrates the relationship between relative 
intensity increase and size of sample volume. The top picture shows an embolic 
signal pass through the insonated artery. Both cycles represent the different lengths 
of sample volume. When the sample volume is increased, more red blood cells and 
starch solution particles are insonated, which results in the background intensity 
increasing faster than the embolus signal. Therefore, as sample volume increases, the 
relative intensity increase of embolus is decreased. A small sample volume produces 
the best embolic signal-background differentiation. However, very short embolic 
signals might be missed when the sample volume is too small. In the current study, a 
small sample of 6 mm was used. 
2.2.4 Fast furrier transform (FFT) time window overlap (Fig 2-2-4) 
A temporal overlap of adjacent FFT time frames is essential to avoid gaps in the 
continuous frequency analysis, which would allow emboli to escape registration. 
The left diagram of Fig 2-2-D shows signal A and signal B received by the 
transducer. The top picture of the right side illustrates the 50% overlap between two 
adjacent FFT windows, whereas the bottom picture illustrates an absence of overlap 
between two adjacent FFT time windows. Both signal A and B prepare to enter the 
FFT processor. Signal A and signal B displayed signal Al and signal Bl, 
respectively, in the top picture. Signal A, which was sampled during the middle of a 
time window is displayed as signal Al; however, a similar signal B, sampled 
between the two windows, is not present in the bottom picture. An FFT overlap of at 
least 50% is essential, smaller overlap risk the danger of missing individual 
microembolic signals'^ In the current study, FFT overlap was set around 61% to 
69% by adjusting scale and screen sweep. 
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2.2.5 Distinguishing embolic signal and artifact with two-gate transducer (Fig 2-2-5) 
There is 10 mm distance between proximal and distal channels illustrated from 
Fig 2-2-E. When an embolus passes this insonated artery from proximal to distal 
channel, the signal recorded in the distal channel should be later than this signal 
recorded in the proximal channel^l The left view of Fig 2-2-E shows an embolic 
signal. The proximal depth is 54 mm and the distal depth is 44 mm. From the pre-
FFT time domain signal, it is clear that the signal appeared in the proximal channel 
earlier than in the distal channel. Thus, there is a time delay between the two 
channels when an embolic signal passes through the insonated artery. The right view 
of Fig 2-2-E shows an artifact signal, caused when the patient was asked to chew 
during monitoring. The proximal depth is 56 mm and the distal depth is 46 mm. For 
the pre-FFT time domain signal, there is no time difference between the two 
channels because both proximal and distal channels were affected simultaneously. 
Moreover, the signal is unidirectional from an embolus, but bi-directional from an 
artifact on the post-FFT spectrum. 
Therefore, a unidirectional signal with a time delay between the two channels of 
an embolic signal recorded from ICA and heart embolic sources was used to 
distinguish from an artifact signal. 
2.2 6 Measurement of embolic signal and threshold (Fig 2-2-6) 
Because of the unknown attenuation by the tissues between the ultrasonic transducer 
and the embolus, direct measurement of embolic signal power is impossible. Embolic 
power is therefore usually expressed in decibel relative to the signal from blood. 
However, there are different ways to measurement power of both the signal and the 
surrounding blood. Measurement of the Doppler power due to the embolic event may 
be based on the peak measured by intensity or may be averaged over a defined time 
window and frequency range (Fig 2-2-F). Measurement of the background power 
due to moving blood is perhaps even more variable. It may be taken from a 
comparable point on the sonogram for the preceding cardiac cycle, or by the mean 
intensity over defined time frames preceding the embolus. 
A high detection threshold results in lower sensitivity but higher specificity and 
higher intercenter agreement" In the current study, we use 5 dB as the embolic 
signal automatic detection and 3 dB threshold for definition ofMES^^ 
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Chapter Three 
Prevalence and Clinical Significance of Microembolic Signal in 





• Severity of stroke and clinical course 
• Diagnosis for middle cerebral artery (MCA) stenosis 
• Microembolic signal (MES) detection 
• Statistical analysis 
3.4 Results 
• Baseline information of patients 
• Prevalence of MES 
• Relationship between presence of MES and severity of MCA stenosis 
• Correlation between presence of MES and clinical course in 85 symptomatic 
patients 
• Correlation between the count of MES and clinical course in 85 symptomatic 
patients 
• Correlation between the presence of MES and further ischemic stroke 
3.5 Discussion 
• Prevalence of MES 
• Association between severity of stroke and presence or the number of MES 
• Predictive value of MES for further stroke 
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3.1 Abstract 
Background-Microembolic signals (MES) detection by transcranial Doppler (TCD) 
predicts clinical events in patients with carotid stenosis. For patients with middle 
cerebral artery (MCA) stenosis, the clinical significance remains unknown. We 
sought to determine the frequency and clinical significance of MES in patients with 
MCA stenosis 
Methods- We prospectively studied 114 consecutive acute ischemic stroke patients, 
85 patients with symptomatic and 29 patients with asymptomatic MCA stenosis 
detected by TCD. All patients underwent MES monitoring for 30 minutes by TCD 
with bi-gate transducer. The signals on digital audiotape were analysed by an 
independent observer who was blinded to all other data. Severity of stroke and 
clinical progression of stroke severity were assessed by National Institutes of Health 
Stroke Scale (NIHSS) and Medical Research Council (MRC) Scale of muscle power 
respectively. All patients were followed up regularly for the development of 
recurrent stroke in the MCA territory. 
Results-MES was found in 24 (28.2%) of 85 symptomatic patients, compared with 1 
(3.40/0) of 29 asymptomatic patients (Pearson Chi-square P二0.005). The mean of 
MES was 18 MESs/30 minutes for those who had MES (range, 1-102). In 47 
symptomatic patients who underwent MRA, MES was more common in patients 
with severe stenosis (10/21, 48%) than in those with mild-moderate stenosis (4/26, 
15%) (Pearson Chi-square P=0.02). There was no significant difference in proportion 
of stroke severity on admission between MES-positive and MES-negative patients 
(Pearson Chi-square P=0.79) but significant difference was detected in clinical stroke 
course (Pearson Chi-square P=0.03). During follow-up mean 13.6 (range 1-32) 
months，of 85 symptomatic patients, the presence of MES was predictive of a further 
ischemic event, (Cox regression, adjusted OR 8.45; 95% CI 1.69-42.22; P=0.01) 
after controlling the age, sex, diabetes, hypertension, previous stroke，never smoking, 
Fraxiparin/warfarin in acute stage and degree of stenosis. 
Conclusion-This study confirmed the clinical significance of MES as it is associated 
with significance of progressive stroke in the acute stage and predicts further cerebral 
ischemia. Our data support the use of MES detection as a surrogate marker to assess 
the efficacy of antithrombotic treatment. 
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3.2 Introduction 
Extracranial carotid artery occlusive disease is a major cause of ischemic stroke in 
Caucasians. However, intracranial artery occlusive disease, especially middle 
cerebral artery (MCA) stenosis is more important in Asians '^" .^ Understanding the 
mechanism underlying the ischemic stroke is crucial for selecting an effective 
treatment. Hemodynamic compromise and artery-to-artery embolism have been 
suggested as the two major underlying mechanisms for patients with internal carotid 
artery stenosis. Nevertheless, the underline mechanism of ischemic stroke caused by 
intracranial artery occlusive disease remains unknown. 
With the development of transcranial Doppler ultrasound, it become possible to 
detect an embolus passing through the insonated artery^'^. It has been suggested that 
they represent thrombus and platelet-fibrin aggregates^'^. Microembolic signals are 
found more frequently in symptomatic than in asymptomatic patients with internal 
carotid artery s tenos is^Moreover , the clinical significance of embolic signals has 
also been reported to be an independent predictor of future stroke^^'^l A few studies 
have reported the presence of MES in acute stroke patients with MCA stenosis 
but not in chronic MCA stenosis?�However, there has been no prospective study of 
the clinical significance of MES in patients with MCA stenosis. The aim of this study 
is to determine the frequency of embolic signals and their clinical significance in 
patients with MCA stenosis. 
3.2 Methodology 
Baseline information of patients 
2914 acute stroke patients were admitted to the Prince of Wales Hospital in Hong 
Kong from the December 1998 to the July 2001. Among these acute stroke patients, 
1702 were performed TCD examination. A total of 114 patients who had MCA 
stenosis diagnosed by TCD, were enrolled in this study. Eighty-five of the 114 
patients had clinical features compatible with a stroke in the stenotic MCA territory. 
The other 29 patients, who had experienced clinical symptom on posterior circulation 
or in the same side with stenotic MCA, were recruited as the control group. A 
computed tomography (CT) scan of the head was performed to rule out intracranial 
haemorrhage in all patients. 
Patients were excluded if there was acute infarct in the territory outside of the 
studied MCA, if the temporal bone window was poor, if they were agitated or 
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confused, or if they had other potential sources of embolism, such as severe (>50%) 
carotid stenosis (by continuous wave ultrasound and carotid duplex) or arterial 
fibrillation. Because of the need of the patients to be examined at the ultrasound 
laboratory, those who were comatose or unable to physically comply with 
examination, those who required constant bedside monitoring, and those who were 
moribund, were excluded from the study. 
The frequencies of vascular risk factors of the 114 patients were summarized in 
table 3-1. Their mean age was 65.86 士 10.59 years with 69 patients (60.5%) of 65 
years or older. Eighty percent of patients were men. The vascular risk factors were 
common among these patients. The most frequent risk factors were hypertension 
(67%). Other risk factors included ever or current smoking (48%), diabetes (33%) 
and previous stroke (31%). Occlusive lesions in multiple extracranial or intracranial 
arteries were found more frequent (61%). After admission, 31% of patients were 
treated with anticoagulants (28.9% with Fraxiparine and 1.8% with warfarin, 
respectively) and 69.3% were given antiplatelet agents (66.7% with aspirin and 2.6% 
with Ticlid, respectively). There was no significant difference in all risk factors 
between symptomatic and asymptomatic patients. 
Table 3-1: Baseline information of patients 
Total Symptomatic Asymptomatic 
n二 114 n 二 85 n=29 p 
Age(y) 65.86 [10.59] 65.53 [10.69] 66.83 [10.41] 0.57 
Male n(%) 92 (80.70) 67 (78.8) 25 (82.6) 0.384 
DM n(%) 38 (33.30) 28 (32.9) 10 (34.5) 0.879 
HT n(%) 76 (66.70) 55 (64.7) 21(72.4) 0.447 
Previous stroke n(% 35 (30.70) 28 (32.9) 7 (24.1) 0.375 
Ever smoking n(%) 55 (48.20) 42 (49.4) 13 (44.8) 0.67 
Multi stenosis n(°o) 70 (61.40) 54 (63.5) 16 (55.2) 0.425 
Medicine n(%) 
Fraxiparine warfaj 35 (30.7) 31 (36.5) 4 (14) 0.02 
Aspirine(or Ticlic 79(69.3) 54 (63.5) 25 (86.2) 
Clinical assessments included relevant medical history, medicine in 
hospitalisation and neurological examinations, which were carried out by a 
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neurologist. The definitions of the vascular risk factors adopted for this study were as 
follows: hypertension was diagnosed in patients who had two or more readings of 
systolic blood pressure >= 160 mmHg or diastolic pressure >= 90mmHg documented 
before the onset of stroke, or a clinical history of hypertension with the use of 
antihypertensive medication at any time before or at the time of stroke. Diabetes was 
diagnosed in patients who had a history of diabetes documented by a physician, or 
were taking insulin or an oral hypoglycaemic agent, or had a fasting blood glucose 
level >=140 mg/dl on at least two occasions. For smoking status, patients were 
classified as never smoking or ever smoking (including current smokers and ex-
smokers). 
Severity of stroke and clinical course 
The severity of neurological impairments of the index stroke was measured using 
the National Institutes of Health Stroke Scale (NIHSS)^^'^^ According to previous 
studies24，25, the present study grouped the NIHSS scores as: 0-1 (mild stroke), 2-8 
(moderate stroke), and >= 9 (severe stroke), which were entered in later analysis as a 
categorical variable. 
We assessed clinical progression of stroke severity by comparing the muscle 
power of the affected limbs on admission and on discharge from acute hospital, using 
the Medical Research Council Scale (MRC) of 0 to 5. Because of the difficulty to 
distinguish grade 0 from grade 1, we considered grade 0 as grade 1 from 
catogorisation purpose. We defined complete recovery as initial MRC grade >5 on 
admission but =5 on discharge; improvement as an improvement of at least 1 grade; 
stable as no change in grading; deterioration as at least 1 grade lower on discharge. 
All patients were followed up regularly for further stroke in the relevant MCA 
stenosis. Posterior circulation symptoms or symptoms that occurred outside this 
MCA territory were not recognized as further stroke. Follow-up was continued until 
further stroke, or death. 
Diagnosis of middle cerebral artery stenosis 
For both intracranial and extracranial arteries, including bilateral internal carotid 
artery (ICA), external carotid artery (EGA), common carotid artery (CCA), and 
subclavian arteries, bilateral MCA, anterior cerebral artery (ACA), posterior cerebral 
artery (PCA) and siphon internal carotid arteries were performed by a conventional 
method using TC 2020 (Nicolet). Bilateral MCAs were insonated through temporal 
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window for every patient. Insonation depth was started from 56 mm, and then 
tracked to as shallow as possible (usually < 40 mm) in 4 mm decrement steps and 
recording at each depth. The insonation depth was set at 56 mm again, and then 
increased progressively to proximal depth, usually > 66 mm. The TCD spectrum was 
recorded in each 4 mm decrement. At each depth, the probe position was adjusted 
until the highest Doppler frequency was obtained. Maximum systolic flow velocity 
was recorded. 
The TCD criteria for diagnosis of MCA stenosis were systolic flow velocity 
more than 140 cm/s, with side-to-side difference and disturbed flow (turbulence). 
The severity of MCA stenosis in TCD was graded as 140-180 cm/s and >180 cm/s. 
In addition, in 58 (51%) of 114 patients stenosis was confirmed by MRA within one 
week of TCD examination including 47 symptomatic and 11 asymptomatic patients 
The severity of MCA stenosis on MRA was classified as mild-moderate stenosis 
(30%-75%) or severe stenosis (>75%) according to the lumen reduction and amount 
of signal loss. 
Microembolic signal detection 
MES detection was done immediately after conventional TCD examination with a 
TC 2020 machine (Nicolet-EME). MES monitoring was performed within three days 
after onset of symptoms. Both depths in stenotic or distal segment of the affected 
MCA were insonated trough the temporal window for 30 minutes. A 2 MHz bi-gate 
transducer was fixed to the head with the Marc 500 TCD probe fixation head frame 
(Spencer Technologies). The distance between the two depths was 8 or 10 mm. A 
small sample volume of 6 mm in length and a low gain were used. The machine 
used a 128-point FFT analysis and used a graded colour scale to display the intensity 
of the received Doppler signal. FFT time frame overlap was 61% to 71%. In addition, 
data of monitoring were continuously recorded onto a four-channel digital audio tape 
recorder (TA-88, TEAC Corporation) with normal speed. The recorded data were 
then analysed by an experienced observer, who was blinded to the clinical and 
laboratory data. The number of MES during the 30 minutes recording was noted. The 
detection threshold of >5 dB was used for automatic on-line monitoring, because a 
number of data without MES were recorded when we used a detection threshold o f> 
3 dB due to existence of frequent high intensity turbulence in the site of MCA 
stenosis. Simultaneously with the automatic monitoring, any suspected signal was 
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also recorded manually by an observer with head phone. In off-line analyses and play 
back from the audio tape, embolic signals were defined based on the consensus 
published MES definition criteria by an observer�^ 
Statistical analysis 
All data were entered into a database program (SPSS software package version 
9.0/for windows) for analysis. The statistical significance was considered at 0.05 
level and two-sided. 
The frequency difference between symptomatic and asymptomatic groups was 
assessed by Pearson Chi-squared test. Flow velocity difference between MES-
positive patients MES-negative patients was assessed with One-way ANOVA. 
Relationship between the categorical severity of MCA stenosis based on the flow 
velocity or on MRA, sex, diabetes, hypertension, smoking, previous stroke were 
analysed with Pearson Chi-square test. Age was considered as continuous variable， 
therefore the relationship between the age and presence of MES were calculated by 
One-way ANOVA. 
The severity of stroke on admission or the course of stroke during hospitalisation 
between MES-positive patients and MES-negative patients were assessed by Pearson 
Chi-square test. The severity of stroke on admission or the course of stroke during 
hospitalisation were analysed by Pearson Chi-square too. 
The relationship between MES and recurrent stroke on affected MCA territory was 
determined through Kaplan-Meier analysis. The censored data was non-ischemic 




Prevalence of MES 
Among 114 patients, MES was detected in 25 (21%), with median of 7 MES/30 
minutes in individual at first monitoring (range, 1 to 102 MES/30 minutes). Most of 
these patients had less than 40 MES per 30 minutes. Two patients had more than 100 
MES per 30 minutes. When the study groups were divided into symptomatic and 
asymptomatic groups, a higher frequency of MES was found in the symptomatic 
patients (24/85, 28%) than the asymptomatic patients (1/29, 3%) (Pearson Chi-square 
P=0.005). 
Relationship between presence of MES and severity of MCA stenosis 
The mean of systolic flow velocity is 203.68±59.40 cm/s in patients with MES, 
compared with 177.98+37.58 cm/s in patients without MES (One-way ANOVA, 
P=0.01). For severity of MCA stenosis according to the flow velocity, higher 
frequency patients with MES (14/33, 19%) was found in the group of severe MCA 
stenosis with flow velocity > 180 cm/s than that the group of mil-moderate stenosis 
(10/52, 33%) in 85 symptomatic patients (Pearson Chi-square, P二0.021), but not in 
asymptomatic patients (Table 3-2). 
Table 3-2: Association between frequency of MES and severity of MCA stenosis 
No. of patient No.with MES (%) p 
TCD symptomatic patients (n=85) 
Vs 二 140-180 cm/sec 52 10(19) 0.021 
Vs> 180 cm/sec 33 14 (42) 
asymptomatic patients (n=30) 
Vs-140-180 cm/sec 20 1(5) 0.49 
Vs> 180 cm/sec 9 q 
total (n=l 14) 
Vs= 140-180 cm/sec 72 11(15) 0.025 
V s �1 8 0 cm/sec 42 14 (33) 
M R A Symptomat ic patients (n=47) 
mi ld-moderate stenosis 26 4 (15)  
severe stenosis ^ 10(48) 0.016 
In 47 symptomatic patients who underwent MRA, MES was more common in 
patients with severe stenosis (10/21, 48%) than in those with mild-moderate stenosis 
(4/26’ 150/0) (Pearson Chi-square, P=0.016). There was no significant association 
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between presence of MES and age, sex, diabetes and hypertension, smoking or 
previous stroke (P=0.44, 0.59, 0.64, 0.44, 0.88 and 0.05 respectively). The 
association between the medicine treated after admission and the presence of MES 
were not assessed because the start of treatment and MES monitoring usually in the 
same day. 
Correlation between presence of MES and clinical course in 85 symptomatic patients 
In 85 symptomatic patients, the median NIHSS on admission was 3 (ranging from 0 
to 18). The median NIHSS on admission was 3 (range from 0 to 18) in MES-positive 
patients and 3 (0-15) in MES-negative patients. Among 85 patients, 25% had mild 
stroke, 55% had moderate stroke and 17% had severe stroke (Table 3-3). 
The median hospitalisation time was 6 days (range, 1-20 days) for 85 
symptomatic patients. Of 85 symptomatic patients, 27% recovered completely, 47% 
improved, 18% were stable, and 7% deteriorated (Table 3-3). 
Table 3-3: Relationship between severity of stroke on admission, clinical course and 
presence of MES in 85 symptomatic patients (MES-positive vs MES-negative) 
Total MES positive MES negative 
n=85(%) n=24 (%) n=61 (%) p 
NIHSS, median (range) 3[0-18] 3 [0-18] 3[0-15] 
Mild stroke 21 (25) 7(29) 14(23) 0.793 
Moderate stroke 47 (55) 13 (54) 34(56) 
Severe stroke 17(20) 4(17) 13(21) 
Clinical course 
Complete recovery 23 (27) 7 (29) 16 (26) 0.03 
Improvement 40 (47) 6 (25) 34 (56) 
Stable 15(18) 7(29) 8(13) 
Deterioration 6(7) 4(17) ^  
There was no significant difference of proportion of classification of stroke severity 
on admission between MES-positive and MES-negative patients (Pearson Chi-square, 
P二0.793) (Fig 3-1, page 58). Significant difference was detected between MES-' 
positive patients and MES-negative patients in clinical stroke course (Pearson Chi-
square, P-0.03) (Fig 3-2, page 58). There was more proportion of patients with stable 
and deterioration course in MES-positive patients compare with that in MES-
negative patients. 
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Fig 3-1 ： Severity of stroke on admission in 85 symptomatic patients 
(MES-positive vs MES-negative) 
Severity of stroke 
mild moderate severe 
MES-negative :::丨:丨::::::_:丨::::::::: n, ^^||丨|丨丨|丨丨|丨1丨||丨||丨||丨|| 
MES-positive I:;::::丨:::丨_:::::::::::::::::丨 , ,||丨||_丨||||||| 
Percentage of patients (%) 
Pearson Chi-square, P=0.793 
. Fig 3-2: Stroke course in 85 symptomatic patients 
(MES-positive vs MES-negative) 
Stroke course 
Com, recovery Improvement 
^ ^ ' - • • E z z z z z z z z e g 
Stable Deterioration 
i l l l l l l Z ^ m i Z ] 
Percentage of patients (%) 
Pearson Chi-square, P=0.03) 
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Correlation between the count of MES and clinical course in 85 symptomatic 
patients 
Mean hospitalisation time is 6.45 土 4.20 days (1-20 days) for all symptomatic 
patients. Based on the mean MES per 30 minutes of 18 MES/30 minutes in 25 
patients with MES, they were grouped to two groups: MES <18 and MES >18. In 24 
MES-positive symptomatic patients, there was significant difference between group 
with MES <18 and group with MES >18 in severity of stroke on admission (Pearson 
Chi-square, P=0.002) and in clinical course (Pearson Chi-square, P=0.005). 
Relationship between the severity of stroke, clinical course and the count of MES 
was presented in table 3-4，Fig 3-3 and Fig 3-4 (page 60). 
Table 3-4: Relationship between severity of stroke, clinical course and the number of 
MES in 24 symptomatic MES-positive patients 
MES>=18(n=10) MES<18(n=14) 
n (%) P 
Severity of stroke 
Mild stroke 2(29) 5 (29) 0.002 
Moderate stroke 1 (14) 12 (71) 
Severe stroke 4 (57) 0 
Stroke course 
Complete recove 1 (14) 6(35) 0.005 
Improvement 0 6 (35) 
Stable 2 (29) 5 (29) 
Deterioration 4 (57) 0 
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Fig 3-3: Severity of stroke on admission in 24 MES-positive 
symptomatic patients (MES<18 vs MES>=18) 
Severity of stroke on admission 
mild moderate  
M E S < 1 8 ::::::::::::::_::丨::::::::::::_ II m 
mild moderate severe 
MES >=18 P ^ ^ ^ ^ ^ ^ ^ ^ M l i ^ ^ ^ ^ ^ ^ B l i l l i i i i i i i i i i i l l 
Percentage of patients (%) 
Pearson Chi-square, P=0.002 
Fig 3-4: Stroke course in 24 MES-positive symptomatic 
patients (MES<18 vs MES>=18) 
Stroke course 
Com. recovery Improvement Stable 
, I Stable Deterioration 
Percentage of patients (%) 
Pearson Chi-square, P=0.005 
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Correlation between the presence of MES and further ischemic stroke 
MeanlSD time of follow up was 13.6 (range, 1 to 32) months in 85 symptomatic 
patients. Twelve (14.1%) patients had further ischemic stroke in the territory of 
affected MCA during the course of follow-up. Among these, 7 (58%) recurred 
within one month (one recurred within one week, the other six patients recurred in 
week three or four after discharge), 3 within six months, one within 6-12 month, and 
the remaining one recurred after one year. Six of these 12 patients (50%) were MES 
positive. Nine patients died during follow up. The causes of death were cerebral 
hemorrhage on the contralateral side (two patients), non-vascular disease (e.g., 
cancer or pneumonia in four patients) or uncertain reasons (3 patients) were consider 
as censored data. By Kaplan-Meier nonparametric survival analysis, a significant 
association was found between MES and further stroke (Log Rank 5.96, P=0.01, fig 
3-5). , , 
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Fig 3-5: Kaplan-Meier survival plots comparing further stroke-free survival in 
patients with and without MES. 
61 
The presence of MES was predictive of a further ischemic event with an unadjusted 
OR of 3.94 (95% CI, 1.18-13.7; P二0.03). After controlling for age, sex, diabetes， 
hypertension, smoking, degree of stenosis, previous stroke, drug (Fraxiparin or 
aspirin) and an adjusted OR was 8.45 (95% CI, 1.69-42.22; P二0.01) (table 3-5). 
Table 3-5: Relationship between risk factors and subsequent risk of further stroke 
during follow-up, determined by Cox regression 
unadjusted OR (%CI) P adjusted OR (%CD P 
Age 0.99(0.94-1.05) 0.89 0.99 (0.94-1.06) 0.85 
Male sex 0.75 (0.20-2.81) 0.67 1.58 (0.32-7.89) 0.58 
Diabetes 2.52 (0.77-5.25) 0.13 3.35 (0.74-17.22) 0.12 
Hypertension 2.42 (0.52-11.18) 0.26 2.57 (0.38-17.22) 0.33 
Previous stroke 0.44 (0.94-2.03) 0.29 0.40 (0.08-2.00) 0.26 
Ever smoking 1.86 (0.57-6.09) 0.31 1.48 (0.28-7.91) 0.64 
Velocity (>180) 0.96 (0.28-3.27) 0.94 0.52 (0.10-2.80) 0.45 
MES positive 3.94 (1.18-13.07) 0.03 8.45 (1.69-42.22) 0.01 
Fraxiparin/Aspirin_0.6(0.16-2.25) 0.45 0.28 ro.60-1.34) 0.11 
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3.5 Discussion 
Prevalence of MES 
Evidence of artery-to-artery embolism generated from the stenotic MCA to the distal 
branches has been confirmed histologically^: Thromboemboli occluded in the distal 
artery have the same composition as the thrombi on the surface of athromatous 
plaques of MCA, which contain a large amount of fibrin and platelets has also been 
reported by case report^lFor patients with MCA stenosis, there have been few 
studies to document the frequency and significance of MES detected by TCD. MES 
was detected in three patients (21%) with mostly chronic MCA stenosis^^. In a pilot 
study, MES was found infrequently (15%) in symptomatic acute stroke patients but 
not in asymptomatic patients with MCA stenosis^^. Another study also reported the 
absence of MES in chronic stroke patients with MCA stenosis^^ In our current study, 
a higher frequency (28.8%) of MES was found in patients with symptomatic MCA 
stenosis than in patients with asymptomatic MCA stenosis (3.4%). The higher 
frequency in this study may be related to our selection of only patients with 
infarction in the relevant MCA stenosis. 
We also found that patients with severe stenosis (>=75%) had a higher 
prevalence of MES compared with patients with mild-moderate stenosis {<15%). In 
patients with internal carotid artery stenosis, the presence of MES was associated 
with more severe stenosis and strongly associated with plaque ulceration and 
intraluminal thrombosis^'^^'^^. Our data also confirmed the association between MES 
and the severity of MCA stenosis, either assessed by MRA or by TCD, but only 
found in symptomatic rather than asymptomatic patients. This indicates that 
thrombus formation and embolism increased with rising flow velocity or reduction of 
lumen diameter and is more important in a plaque in which the process of thrombosis 
and embolization has already been initiated]!. 
As 就 i � — between severity of stroke andpresence or the mmber of MES 
A benign clinical course of stroke caused by intrinsic MCA stenosis has been 
reported p r e v i o u s l y ^ ^ ' ^ s Hinton reported 16 patients with middle cerebral artery 
stenosis diagnosed angiographically; TIA had occurred in 15 and infarction in 11, but 
none presented more than a minor neurological deficit32. Feldmeyer et al reported 
that minor deficits characterized eight of 13 patients including older patients with 
multiples atheromatous lesions along the carotid artery and younger patients with 
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isolated MCA stenosis. In contrast, Corston et al reported a less good progression for 
patients with MCA stenosis34. However, the reason for the different progression 
among these reports has not been determined. Our current data may provide some 
clue to explore the different progression. There was no difference in stroke severity 
between patients with or without MES on admission. However, more patients had 
progressive stroke in those with MES. Furthermore, a number of MES was 
associated with relatively more severe stroke on admission and poorer progression of 
stroke. The clinical significance of microembolic signal detected by TCD is still 
controversial because it is asymptomatic. Our findings indicate that it is not real 
“silence，，，it may not cause another stroke with sudden deterioration but may 
contribute to the gradual progression of the current stroke^^ Thus, MES is not only a 
marker of embolism and instability of atherosclerotic plaque, but is also a marker of 
stroke progression. Because all patients in this study were treated with aspirin, our 
data support further clinical trial using more aggressive acute therapeutics such as 
anticoagulation or combination of antiplatelet drugs in patients with active 
thromboembolism. 
Predictive value of MES for further stroke 
Previous studies had shown that the presence of MES was predictive of increased 
risk of future cerebral ischemia in patients with symptomatic or asymptomatic ICA 
stenosis, CEA and patients with stroke or transient ischemic attack (TIA) of 
presumed arterial o r i g i n 1 8 , 3 6 , 3 7 八 retrospective data reported by Babikian et al 
showed that more further cerebral or retinal ischemic events occurred in the territory 
of MES positive arteries than in the territory of MES negative a r t e r y ” Molley et al 
demonstrated that asymptomatic embolization in patients with carotid artery stenosis 
correlates with known markers of increased stroke risk and is an independent 
predictor of future stroke risk in patients with both symptomatic and asymptomatic 
carotid stenosisi6. The results of our prospective follow-up study provide the first 
data that the presence of MES predicted future stroke risk in patients with MCA 
stenosis. In contrast, increasing severity of MCA stenosis was not associated with 
further ischemic event. These results suggest that stable atherosclerotic MCA 
stenosis (those without MES) remain silent while unstable MCA stenosis (those with 
MES) tend to cause further cerebral ischemia. Increased flow velocity, decreased 
residual lumen and increased systemic risk factors associated with increased blood 
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thrombogenicity or a systemic hypercoagulable state will increase the risk of 
thrombosis and subsequent embolization. A retrospective study reported that a 
favourable risk/benefit ratio for warfarin compared with aspirin for the prevention of 
major vascular events with symptomatic intracranial large-artery stenosis'^ 
In summary, this study confirmed the clinical significance of MES as it is 
associated with significance of progressive stroke in the acute stage and predicts 
further cerebral ischemia. Our data support the use of MES detection as a surrogate 
marker to assess the efficacy of antithrombotic treatment. 
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Chapter Four 
Mechanisms of Acute Cerebral Infarction in Patients with Middle 
Cerebral Artery Stenosis: a Diffusion-weighted Imaging and 





• Microembolic signal (MES) monitoring by Transcranial Doppler (TCD) 
• Magnetic resonance imaging (DWI, MRI and MRA) 
• Statistical analysis 
4.4 Results 
• Severity of MCA stenosis on MRA and pattern of infarct on DWI 
• Frequency and count of MES and its relationship with multiple and 
borderzone infarction on DWI 
4.5 Discussion 
• Frequency of MES 
• Pattern of cerebral infarcts on DWI 




While most therapeutic efforts and experimental stroke models focus on the concept 
of complete occlusion of the middle cerebral artery (MCA) as a result of embolism 
from the carotid artery or cardiac chamber, relatively little is known about the stroke 
mechanism of intrinsic MCA stenosis. Differences in stroke pathophysiology may 
require different strategy for prevention and treatment. 
Methods-
We prospectively studied 30 consecutive acute ischemic stroke patients with MCA 
stenosis detected by transcranial Doppler (TCD) and magnetic resonance 
angiography (MRA). Patients underwent microembolic signal (MES) monitoring by 
TCD and diffusion-weighted magnetic resonance imaging (DWI). Characteristics of 
acute infarct on DWI were categorised according to the number (single or multiple 
infarcts) and the pattern of cerebral infarcts (cortical, borderzone or perforating 
artery territories infarcts). The data of MES and DWI were assessed blindly and 
independently by separate observers. 
Results-
On DWI, 15 patients (50%) had single and 15 had multiple acute cerebral infarcts. 
Among patients with multiple acute infarcts, unilateral, deep, chain-like borderzone 
infarcts were the most common pattern (11 patients, 73%) and for single infarct, 
penetrating artery infarcts were the most common (10 patients, 67%). MES were 
detected in 10 patients (33%). The median number of MES per 30 minutes was 15 
(range 3 - 102). MES were found in 9 patients with multiple infarcts and in one 
patient with single infarct. (p=0.002, Chi-square). The number of microembolic 
signals predicted the number of acute infarcts on DWI. (Linear regression, adjusted 
= 0.441，p二0.022). 
Conclusion-
Common stroke mechanisms in patients with MCA stenosis are occlusion of a single 
penetrating artery to produce a small subcortical lacuna-like infarct and artery-to-
artery embolism with impaired clearance of emboli which produces multiple small 
cerebral infarcts especially along the borderzone region. 
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4.2 Introduction 
In the coronary circulation, acute coronary syndromes can be produced by a 
complete occlusion of one of the main arteries which usually results in Q wave 
myocardial infarct with ST elevation. Acute coronary syndromes can be produced by 
a partially or intermittently occluded artery which usually results in unstable angina 
or non-Q myocardial infarct. In the cerebral circulation, total occlusion of the middle 
cerebral artery by embolus originated from the carotid artery or the cardiac chambers 
occurs frequently in acute stroke patients. This observation provides the basis for 
most experimental stroke models and inspires the successful use of hyperacute 
thrombolytic therapy. However, the pattern and the mechanism of cerebral infarction 
in partially occluded atherosclerotic cerebral artery remain unknown. Atherosclerotic 
stenosis of the intracranial large artery, especially the MCA, occurs infrequently in 
stroke patients in Caucasians. However, it is the commonest cause of stroke in 
patients with Chinese and African ancestry^"^ Possible mechanisms for cerebral 
infarction include thrombosis leading to complete occlusion, artery-to-artery 
embolism, haemodynamic compromise, local branch occlusion or a combination of 
these factors. Elucidation of the mechanism responsible for cerebral infarction may 
have clinical implications for tailored treatment or prevention of stroke from 
intracranial stenosis. For example, warfarin should be used to prevent artery-to-artery 
thromboembolism while intervention strategies such as angioplasty or induced 
hypertension might be helpful to improve perfusion and cerebral hemodynamics. 
However, there have been few studies to explore the pathophysiology of cerebral 
infarction in patients with intracranial atherosclerosis, especially during the acute 
stage. 
Advances in neuroimaging such as transcranial Doppler ultrasound (TCD) and 
diffusion-weighted magnetic resonance imaging (DWI) may provide new insights 
into the interaction between atherothrombosis and cerebral infarction. DWI is able to 
detect even small cerebral infarcts and to differentiate acute from old ischemic 
lesions4,5. Visualization and monitoring of embolism in vivo has not been possible 
until the development of TCD^ Up to now, a number of studies both in vivo and in 
have shown that MES detected by TCD are likely to represent emboli passing 
through the insonated artery^'^^ In this study, using the latest techniques of DWI 
together with MES monitoring, we explored the mechanisms how a MCA stenosis 




With TCD, we prospectively screened consecutive acute stroke patients for 
MCA stenosis who were admitted to the Prince of Wales hospital in Hong Kong. For 
patients with clinical features compatible with a stroke in the stenotic MCA territory, 
MES monitoring by TCD was performed within 3 days of onset of symptoms. 
Patients then underwent a magnetic resonance imaging including MRA and DWI 
examination 2 to 3 days afterwards. Patient was excluded if there was acute infarct in 
the territory outside of the studied MCA, complete MCA occlusion or <50% stenosis 
on MRA, poor temporal window, those who were agitated or confused, and those 
with other potential sources of embolism such as severe (>50%) carotid stenosis or 
atrial fibrillation. 
Microembolic signal (MES) detection by transcranial Doppler (TCD) 
TCD was performed using a TC 2020 machine (Nicolet-EME) with a 2 MHz 
transducer. The whole length of the MCA was examined through a temporal 
window. MCA stenosis was suspected if the systolic peak velocity showed segmental 
elevation of >140 cm/sec together with signal of turbulent flow. 
MES detection was done immediately after conventional TCD examination. The 
distal segment of the affected MCA was insonated through the temporal window for 
30 minutes in all patients. A 2 MHz bi-gate transducer was fixed to the head with the 
Marc 500 TCD probe fixation headframe (Spencer Technologies). The distance 
between two insonation depths was 8 or 10 mm. A small sample volume of 6 mm in 
length and a low gain were used. The machine employed a 128-point FFT analysis 
and used a graded colour scale to display the intensity of the received Doppler signal. 
FFT time frame overlap was 61% to 71%. In addition, the audio Doppler signal of all 
two channels was continuously recorded onto a four channels digital audio tape 
recorder (TA-88, TEAC Corporation) with normal speed. The detection threshold of 
25 dB was used for automatic on-line monitoring, because a number of data without 
MES were recorded when we used a detection threshold of > 3 dB due to existence 
of frequent high intensity turbulence in the site of MCA stenosis. Simultaneously 
with the automatic monitoring, any suspected signal was also recorded manually by 
an observer with head phone. In off-line analyses and play back from the audio tape, 
embolic signals were defined based on the consensus published MES definition 
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criteria by an observer^ ^ The presence and the number of microembolic signal were 
assessed by an expert reader (T.H.) who was blind to all clinical, laboratory and other 
imaging data. 
Magnetic Resonance Imaging (DWI, MRIandMRA) 
DWI was performed in a 1.5 Tesla MR scanner (Gyroscan ASC NT, Philips 
Medical Systems) with a standard head coil. The sequence employed was a multi-
shot navigated, spin-echo EPI sequence with peripheral pulse gating and diffusion-
weighted b-values of 0, 313, 1252 sec/mm^ was used to obtain nine slices in each of 
the three principal magnet directions with the following parameters: TR — pulse 
dependent, diffusion TE 140 msec, FOV 23 cm, 1 NSA, slice thickness 6mm with 
1.2 mm gap. 128 x 256 matrix, E PI factor 9, acquisition time 1.5 to 2 minutes for 
each axis. Acute or subacute infarcts on DWI were diagnosed when hyperintense 
lesions were detected on at least two diffusion weighted images with orthogonal 
diffusion sensitivity directions, and if the high signal change was not due to normal 
anisotropy of diffusion or artefact. Severity of MCA stenosis on MRA was 
categorised as 50-75% (moderate), >75% (severe) on the basis of the amount of 
signal loss and the lumen reduction ofMCA^^. 
We analysed all acute infarcts within the MCA territory. Distribution of acute 
infarcts on DWI were categorised as cortical infarct, borderzone infarct or 
perforating artery infarct base on the location of infarct according to mapping 
templates by Damasio.^^ Borderzone infarcts include anterior borderzone infarct 
when the infarct occurred between the anterior cerebral artery and MCA territories; 
posterior borderzone infarct when the infarct occurred between the MCA and 
posterior cerebral artery territories; and internal borderzone between the deep and 
superficial perforators of the MCA.^^ Acute infarcts were also classified as single or 
multiple according to the number of infarct according to the number of ischemic 
lesions. Traditionally the term multiple infarcts was defined as lesions involving 
more than one major vascular territory and topographically distinct^^ However, this 
classification for multiple infarcts was not suitable for our study because we only 
included infarct within the MCA territories under study. Multiple infarcts in this 
study were defined as more than one lesion which were "topographically distinct" 
(separated in space or discrete on contiguous slices). Examples of MCA stenosis on 
MRA and infarction on DWI were presented in fig 4-1 A to F (page 75 and 76). 
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Fig 4-1-Al: MRA shows left MCA moderate stenosis Fig 4-1-A2: Multiple acute infarctions including CI, BI 
and PAI on left MCA territory 
l i i i f w i m^p^mm 
FicT 4 1 . WD A . u � A Fig 4-1-B2: Multiple infarctions on right side 
Fig 4-1-Bl. MRA shows nght MCA severe stenosis to void internal borderzone area 
LiMJ 
Fig 4-1-Cl: MRA shows right MCA severe stenosis Fig 4-1-Cl: DWI shows multiple infarctions 
on anterior and internal borderzone areas 
75 
HIH ^^Fll 
Fig 4-1-Dl: Bilateral MCA stenosis, Fig 4-1-D2: DWI shows multiple infarctions on 
more severe on nght distal segment right cortical and perforating artery area 
i 、 織 ？ " 
Fig 4-1-El: MRA shows bilateral MCA moderate stenosis Fig 4-1-E2: single deep perforating artery infarct on right side 
Q " I M 




All data were analyzed by SPSS 9.0 software. Chi-square or Fisher's exact test 
were used for categorical statistic analysis. For prediction of number of cerebral 
infarcts on DWI, linear regression with adjusted R^ was used. A p value of <0.05 was 
used to determine a statistically significant difference. 
4.4 Results 
We studied 30 consecutive acute stroke patients with MCA stenosis detected by 
TCD and who had acute infarcts on DWI within the relevant MCA territories. The 
mean age was 68 (range 44 to 84). Twenty-five (83.3%) were men. The risk profile 
of the study group included hypertension in 16 (53%) patients, diabetes mellitus in 
12 (40%) and smoking in 20 (67%). 
Severity of MCA stenosis on MRA and pattern of infarct on DWI 
On MRA, 14 patients had moderate stenosis (50-75% diameter reduction) and 16 
had severe stenosis ( >75% diameter reduction). Total number of acute infarcts on 
DWI was 88 in 30 patients, ranging from 1 to 11 (means 3.3) in each patient. DWI 
revealed multiple acute, monoterritorial infarcts in 15 patients (50%). All three types 
of infarcts (borderzone, cortical or penetrating artery) were found. The patterns of 
cerebral infarcts and their relationship to the presence of microembolic signals were 
summarized in Table 4-1. 
Table 4-1: relationship between presence of MES and subtype of infarction 
Multiple infarct Single infarct Total 
N MES+ N MES+ MES+  
Bl 11 7 5 1 8/16(50%)' 
Bl 4 1 5 1 
BI+CI 4 4 0 
BI+CI+PAI 3 2 q  
no-BI 4 2 10 0 2/14(14.3%)' 
PAI 2 1 10 
PAI+CI 2 1 0 
Total 15 9 (60%)i 15 1 (6.7%)^  
Notes: 1 Multiple vs single (P=0.002, Pearson's Chi-square) 
2 Borderzone vs no-Borderzone (P2=0.058, Fisher's exact test) 
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Cortical infarcts, which usually were small (<5 mm in diameter), were present 
in 9 out of 15 patients (60%). All cortical infarcts were detected in the presence of 
additional infarct at other sites within the MCA distribution, i.e. no isolated cortical 
infarct was found. Multiple borderzone infarcts were found in 11/15 patients (73%) 
and isolated small borderzone infarct was found in 5/15 (33%). The size of 
borderzone infarcts varied from 2 to 15 mm in diameter. In many patients with 
multiple lesions, cerebral infarcts appeared in a chain-like fashion. Some of the large 
lesions appeared to reflect the confluence of several small ones. Multiple penetrating 
artery infarcts were found inlO/15 patients (66.7%) and single penetrating artery 
infarct in 5/15 (33.3%). Interestingly, all penetrating artery infarcts were lacuna-like 
with a size less than 15 mm in diameter. Borderzone infarcts were found more 
frequently in patients with severe MCA stenosis (>75% diameter reduction) than 
with moderate stenosis (28.6%). (Pearson Chi-square: p=0.011). 
Frequency and count of MES and its relationship with multiple and borderzone 
infarction on DWI 
MES were detected in 10 (33.3%) patients with counts ranged from 3 to 102 
MES per 30 minutes (median 15 MES per 30 minutes). Microembolic signals 
occurred more frequently in patients with multiple infarcts (9/15, 60.0%) than in 
patients with single infarct (1/15, 6.7%). (Chi square; p二0.002) In the 10 patients 
presenting with microemboli, the number of microembolic signals predicted the 
number of cerebral infarcts on DWI (Adjusted R^ 二0.441, p=0.022) (Fig 4-2). 
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Fig 4-2: correlation between the number of MES and the number of infarcts on DWI 
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MES occurred more frequently in patients with multiple infarcts (9/15, 
60.0%) than in patients with single infarct (1/15, 6.7%)(Chi square P二0.002). MES 
tended to be more frequently detected in patients with borderzone infarcts (50%) 
than in those without borderzone infarcts (14.3%). (Fisher's exact test: p=0.058). 
MES was not detected in patients with single penetrating artery infarct. 
4.5 Discussion 
This is the first report of the combined use of MES and DWI to explore the 
pathophysiology of cerebral infarct in acute stroke patients with moderate to severe 
MCA stenosis. Our results can be interpreted in three aspects: the frequency of MES, 
the pattern of cerebral infarcts on DWI, and the relationship between MES and DWI. 
Frequency of MES 
Microembolic signals are usually of short duration and high intensity which are 
displayed within the Doppler spectrum and are detected by TCD. These signals 
correspond to embolic particles passing through the insonated artery^^ It was 
suggested that they represented thrombus and platelet-fibrin aggregates;，” 
Microembolic signals were found more frequently in symptomatic than in 
asymptomatic patients with internal carotid artery stenosis".�� Moreover, the 
presence of MES was also associated with more severe stenosis and strongly 
associated with plaque ulceration and intraluminal thrombus^ '^^ '^ . The presence of 
MES was also predictive of increased risk of future symptoms of cerebral ischemia 
in patients with symptomatic and asymptomatic ICA stenosis^^'^^. For patients with 
MCA stenosis, there were few studies to document the frequency and significance of 
MES. MES were detected in 3 patients (21%) with mostly chronic MCA stenosis^^. 
In a pilot study, MES were found infrequently (15%) in symptomatic acute stroke 
patients but not in asymptomatic patients with MCA stenosis]�Another study also 
reported the absence of MES in the chronic stage of stroke among patients with 
MCA stenosis^l In our current study, MES were found in 33.3% of patients with 
symptomatic MCA stenosis in the acute stage. The higher detection rate may be 
related to the stricter inclusion criteria. We only studied acute stroke patients with 
evidence of acute cerebral infarct within the corresponding MCA distribution. Our 
data is also consistent with a previous histological reports of artery-to-artery 
embolism from a stenotic MCA^l Another pathologic study also revealed 
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thromboemboli composed of fibrin and platelets which had been found in distally 
occluded branches as well as at the thrombi formation on the surface of an 
athromatous plaques in the up-stream MCA stem "^^ . The presence of microembolic 
signals in 33% of patients during a short recording time of only 30 minutes indicates 
that embolism is very common in patients with symptomatic MCA stenosis. 
Pattern of cerebral infarcts on DWI 
DWI is a relatively new neuroimaging technique, in which ischemic stroke 
lesion has apparent low diffusion coefficient in acute stage of 2 to 10 days. After that 
time it normalizes and then becomes high in the chronic phased It was suggested that 
multiple lesions on DWI occurred simultaneously within a few days or up to a week. 
In addition, DWI is more sensitive to identify small ischemic lesions, which usually 
are missed on conventional MRI^^ Therefore, multiple acute lesions on DWI were 
regarded as a good marker of underling embolic mechanism for ischemic stroke. This 
was supported by the higher frequency of multiple acute lesions was seen in patients 
with cardiac embolic source and internal carotid artery stenosis^^'^^ 
The finding of high frequency (50%) of multiple acute infarcts on DWI 
according to our study suggests that embolism is common underling mechanism in 
patients with middle cerebral artery stenosis. Two previous studies from Korea also 
found that MCA stenosis is the major underling source for multiple MCA territory 
infarcts on DWp，]). 
All three subtypes of infarcts were found in the stensosed MCA territory. 
Different subtypes of infarct had different characteristics and may represent different 
pathophysiologies. Cortical infarct, which usually had a small size of less than 5 mm 
in diameter in our study, was common subtype in multiple infarcts (9/15, 60%). We 
did not found any isolated cortical infarct in this study. This observation suggests 
that small cortical lesions usually include silent lesions as well as additional 
symptomatic infarcts such as borderzone infarct and penetrating artery infarct . 
There are two possible fates when a small embolus is released to a distal artery. It 
may be cleared by adequate blood flow without causing brain damage. It may also 
lead to an ischemic lesion visualized on DWI as it could not be washed out or 
compensated for due to its size or frequency. There are numerous arterial 
anastomoses for each gyrus of cerebral cortex that may play a role in preventing and 
compensating for cortical infarcf^^ We presume most of cortical small emboli may 
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flush out by adequate blood flow before forming a large ischemic lesion or are 
rescued by good collateral circulation. The majority of these cortical infarcts are 
small in size and appear much more benigh than the large cortical infarcts caused by 
acute MCA occlusion. This can be explained by the gradual development of 
sufficient leptomeningial anastomosis between anterior or posterior cerebral artery in 
the long process of atherosclerotic stenosis of the MCA. 
BI was found more frequently in patients with severe MCA stenosis than that 
with moderate stenosis. This result indicates that hemodynamic compromise plays a 
role in BI. Decreased cerebral blood flow in the anterior and posterior borderzone 
regions in patients with ICA and MCA occlusions has been documented by positron 
emission tomography scan'^^ Hemodynamic compromise instigates BI in patients 
with critical carotid artery stenosis or occlusion has also been On the 
other hand, MES tend to be more frequently detected in patients with borderzone 
infarction. This result implicates that embolism may also play an important role in 
BI. Borderzone infarction caused by cholesterol crystals or platelet emboli had also 
been confirmed p a t h o l o g i c a l l y体 4 6 . The situation of pressure drop in distal artery 
between severe ICA and MCA stenosis is different. For ICA severe stenosis, distal 
perfusion may reserve relatively normal level if presence of adequate collateral blood 
supply from the circle of Willis. But no potential collateral blood supply was 
available in patients with MCA stenosis, which leads to poor perfusion in distal 
territory similar with the situation of inadequate collateral blood supply in ICA 
severe stenosis. Therefore, the possibility of combined effect of embolism and 
hemodynamic compromise was increased for patients with MCA stenosis. This may 
explain why MES and multiple infarctions were common in BI but the same 
phenomenon had not been reported previously in study of ICA stenosis. Thus, 
borderzone infarction caused by MCA stenosis may cause by two possible 
mechanisms as below: one is hemodynamic compromise only, and the other is 
combination of embolism and hemodynamic compromise. 
PAI occurred both as single and as multiple infarcts. No penetrating artery 
infarct with size more than 15 mm was found in this study. The lesions' appearance 
was identical to classical lacunar infarcts due to cerebral small vessel disease. It is 
accepted that the arterial lesion in lacunar infarct is the so-called lipohyalinosis in the 
small penetrating artery. Isolated penetrating artery infarct was seen in 10 patients, 
all did not have MES. For this group, the atheroma in the middle cerebral artery may 
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occlude the origin of a penetrating artery and lead to a lacuna-like infarct'^ '^'^ ^ On the 
other hand, small embolic particles may occasionally lodge in a penetrating artery 
and result in lacunar infarction"^^. In 3 of our patients with both penetrating artery 
infarct and cortical infarct, all of them had MES. This suggests that embolism might 
be the cause of small infarctions in the territory of deep perforators, which may not 
be evident in conventional MRI or CT. 
Relationship between MES and multiple infarcts on DWI 
MES and multiple infarcts on DWI both are indicative of cerebral embolism. For 
DWI, the majority of the lesions may be produced by multiple emboli or the break-
up of an embolus. The clinical importance of microembolic signals was controversial 
because most of them are asymptmatic or lack evidence of brain d a m a g e ^ I n 
our study, we found a good relationship between the two techniques. MES were 
found more frequently in patients with multiple infarcts than in patients with single 
infarct. Lesions on DWI may occur at different times during the acute stroke period^ 
They may have occurred before the symptomatic event or continue after it. Both 
MES detection and DWI were performed after the symptomatic event and DWI were 
done 2 to 3 days after MES monitoring. However, MES monitoring was only 
performed for 30 minutes, and the lesions on DWI represent the sum of cerebral 
infarct produced by MES. This hypothesis is supported by the observation that the 
number of MES predicts the number of cerebral infarct. A recent study showed that 
more than 50 MES per hour have a predictive value for the occurrence of an 
ischemic stroke after endarterectomy. Another study showed that the total number 
of microembolic signals was significantly associated with stroke and hyperintense 
lesions on DWI after endarterectomy^^. 
In summary, our data show that multiple cerebral embolism is an important 
mechanism of cerebral infarcts in patients with MCA stenosis. Furthermore, the 
propensity for multiple borderzone infarcts indicates that hemodynamic compromise, 
in conjunction with multiple small emboli may result in deep boderzone infarctions, 
possibly because of the failure to clear emboli in a poorly perfused brain area. Our 
data support further studies to investigate the use of anti-thrombotic therapy in 
patients with MCA stenosis or to test interventional therapy to improve cerebral 
perfusion, or both strategies, to prevent stroke in this particular clientele. . 
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5.1.1 Abstract 
Background- The middle cerebral artery (MCA) is usually monitored for 
microembolic signals (MES) originating from a point far distant from the site of 
insonation. We showed that by using a Transcranial Doppler machine (TCD) to 
measure MES, it is also possible to detect an ongoing thromboembolism in an 
atherosclerotic MCA. This is the first published report describing the characteristics 
of real thromboembolism in this context. 
Methods- We performed microembolic signal (MES) monitoring on symptomatic 
MCA stenoses (mean Vs 284, range 200-300 cm/s) with a 2MHz bi-gate transducer 
for 30 minutes in each of 5 patients with multiple acute infarctions located strictly in 
the affected MCA as visualized by diffusion-weighted imaging (DWI). Patients with 
severe internal carotid artery stenosis or atrial fibrillation were excluded. All signals 
were analysed off-line on both the hard disk of the TCD machine and the audiotape 
back up. Flow velocity (FV) or flow pattern and their association with MES 
occurrence was analysed. Three or more MES in one cardiac cycle were defined as 
“MES splatter", and the occurrence of continuous bi-directional low frequency (S-
vdocity) signals lasting more than one cardiac cycle was defined as "vibration". 
Results- A total of 47 examinations were performed. Three novel findings were 
observed: 1) An occurrence of MES with simultaneous increase or decrease in flow 
velocity and turbulence was seen in three patients with total of 20 occurrences. This 
may indicate real time visualization of either the dislodgment of a large thrombus 
resulting in decreased flow obstruction, or a change in the configuration of a large 
thrombus leading to increased flow obstruction. 2) “MES splatter" was seen in all five 
patients with a total of 158 splatters. This is thought to represent the rapid break up of 
a thrombus into a number of fragments. 3) Bi-directional low frequency (S-velocity) 
vibrations (usually lasing 8 to 28 cardiac cycles) with a rhythmic machine-like sound 
and superimposing MES were found in two patients for a total of 25 episodes. This 
might represent thrombus vibration in the vessel lumen caused by a change in the 
configuration or orientation of a protruding thrombus. 
Conclusion- We have shown that it is possible to detect and monitor ongoing 
thromboembolisms in real time by TCD. This finding may provide a tool to study 
thromboembolisms in vivo and adds another potential clinical application for TCD. 
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5.1.2 Introduction 
Transcranial Doppler (TCD) machines measure the blood flow velocity (FV) 
of intracranial arteries and are also able to detect embolus passing through the 
insonated artery As measured by TCD, microembolic signals (MES) are found in 
patients with potential embolic sources of internal carotid artery stenosis or atrial 
fibrillation^'^. In most studies, these MES have been measured at the middle cerebral 
artery (MCA). Since in the cases of both carotid artery stenosis and atrial fibrillation 
the MCA is distant from the embolic source, it becomes possible to detect the process 
of an ongoing thromboembolism real time in the MCA by measuring and 
characterizing MES. Intrinsic atherosclerotic stenosis of the MCA is uncommon in 
Caucasians but is prevalent in Asians, Africans and Hispanics^-^\ There is no 
previous published report that describes an ongoing thromboembolism in real time, so 
we monitored and analysed MES in patients at high risk for thromboembolisms. 
5.1.3 Methodology 
Characteristics of patients 
Five acute ischemic stroke patients who had MCA stenosis and had special 
phenomena recorded during microembolic signal (MES) detection by TCD were 
enrolled in this study. All patients had clinical features compatible with a stroke in the 
stenotic MCA territory. None of these 5 patients had acute infarct in the territory 
outside of the studied MCA or had a known source of potential embolism such as 
severe carotid artery stenosis or arterial fibrillation (Table 5-1). 
Table 5-1: Clinical characteristics, severity of stroke, progression in hospitalization 
and recurrence of further stroke in five patients 
risk NIH clinical course follow-up recurrence 
patient sex age factors admission hospitalization month (follow-up) 
1 m 57 1 15 deterioration 10 0 
2 m 51 1 3 stable 3 0 
3 m 57 2 0 compl. Recovery 8 1 
4 m 84 3 14 deterioration 3 1 
_ § f 66 1 6 stable 7 p 
The mean age of selected patients was 63 (range 51 to 84 years), and each had at 
least one of the following risk factors: hypertension, diabetes or smoking. 
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MRA，DWI and conventional TCD data (Table 5-2) 
Magnetic resonance angiography (MRA) and diffusion-weighted imaging 
(DWI) were done within 2 to 3 days after the first TCD monitoring in all patients. 
Severity of MCA stenosis on MRA was categorised as 50-75% (moderate), >75% 
(severe-void) on the basis of the amount of signal loss and the lumen reduction of 
MCA. DWI images were scored as having acute or subacute infarcts based on 
detection of hyperintensity lesions on at least two diffusions weighted images with 
orthogonal diffusion sensitivity directions, and the high signal change was not due to 
normal anisotropy of diffusion or artifact. Cross-section imaging of affected MCA on 
MRA was performed in one patient. 
Table 5-2: MRA, DWI and conventional TCD data in five patients 
MRA and DWI TCD (affected MCA) 
Patient MRAOffected MCA) DWI(MCA territory) Vs (cm/sec) Depth range (mm^ 
1 severe stenosis Multiple infarcts (CI+BI) 330 52_42 
2 severe stneoiss Multiple infarcts (CI+BI+PAI) 280 60-40 
3 severe stenosis Multiple infarcts (BI+CI) 300 62-50 
4 severe stenosis Multiple infarcts (CI) 200 76-44 
_ 5 severe stenosis Multiple infarcts (BI) ^ 62-40 
CI- cortical infarction, BI- border zone infarction, PAI- deep perforation artery  
infarction. 
MES monitoring method and overall data 
MES detection was done immediately after conventional TCD examination with 
TC 2020 machine (Nicolet-EME). MES monitoring was performed on every available 
working day after onset of symptoms until no further MES were detected. As follow-
up, MES monitoring was performed bimonthly on three of the patients following their 
discharge. 
For MES detection, stenotic or distal segments of the affected MCA were 
insonated through the temporal window for 30 minutes. A 2 MHz bi-gate transducer 
was fixed to the patient's head with the Marc 500 TCD probe fixation head-frame 
(Spencer technologies) and the distance between the two insonation depths was set at 
8 to 10 mm. The whole outline of flow signal was adjusted to visible during the 
monitoring and a sample volume of 6 mm in length and a low gain were used. The 
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TCD machine used a 128-point FFT (Fast Fourier Transform) analysis and a graded 
colour scale showed the intensity of the received Doppler signal. FFT time frame 
overlap was 61% to 71%. In addition, the audio Doppler signal of both channels was 
continuously recorded by a four channels digital audio tape recorder (TA-88，TEAC 
Corporation) at normal speed. Maximum systolic FV was measured during each MES 
monitoring. The detection threshold of >5 dB was used for automatic on-line 
monitoring because MES recording decreased at a detection threshold of > 3 dB due 
to frequent high intensity turbulence at the site of MCA stenosis. Simultaneous to the 
automatic monitoring, any suspected signal was also recorded manually. In off-line 
analyses and play back from the audio tape, embolic signals were defined based on a 
consensus of published MES criteria^^. 
MES were detected in all patients (Table 5-3). 
Table 5-3: overall data of MES monitoring 
Recurrence MRA and DWI TCD (affected MCA) 
(follow up) Patient MRA DV^ Vs (cm/sec) Depth range (mm) 
0 1 L MCA stenosis M (CI+BI) 300 52-42 
0 2 L MCA stneoiss M (CI+PAI) 280 60-40 
0 3 Multiple stenosis M (CI) 200 76-44 
0 4 R MCA stenosis M (Bl) 308 62-40 
Bi-gate monitoring was successful in the stenotic segments of all patients. MES 
monitoring was performed in total of 47 times in 5 patients and MES were detected in 
all five patients for a total of 265 MES (mean 53 ranging from 13 to 102 per 30 
minutes) during the initial examination. Conventional TCD and MES monitoring 
were reported in 3 patients after hospitalisation. No MES were detected during 
follow-up. 
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Neuroimaging and MES monitoring data (figs 5-1A to 5-5B) 
1) Patient one (Fig 5-1A to ID, see pages 96 and 97) had a short segment of left 
MCA stenosis on MRA with a high systolic FV of 330 cm/s in the main trunk at a 
depth of 52-42 mm, and a normal systolic FV of 80 cm/s in the proximal segment 
at a depth of 58 mm by TCD. A normal systolic FV of 80 cm/s on right MCA was 
also detected (Fig 5-1 A). A cross sectional high resolution MRI of the LMCA 
revealed severe lumen narrowing distal to the MCA stem with very thick vessel 
walls and an irregular surface (Fig 5-IB). DWI showed multiple acute infarctions 
in the left cortical (red arrows), internal border zones (yellow arrows) and anterior 
or posterior border zones (white arrows) of the MCA territory (Fig 5-lC). Both 
insonation depths were adjusted to 10 mm apart in the segment showing MCA 
stenosis. One hundred MES were detected per 30 minutes during the first 
examination, and the MES presented for 18 days after onset of monitoring (Fig 5-
ID). 
2) Patient two (Fig 5-2A and B, see page 98) had a long stenosis on the LMCA with 
increased systolic FV with a maximum of 280 cm/s at depth from 60 to 40 mm on 
TCD. Normal FV of 120 cm/s was detected on the right MCA. Multiple acute 
infarctions were seen in the left cortical (red arrows), border zone (yellow arrows) 
and perforating artery area (blue aiTows)(Fig 5-2A). Both insonation depths were 
adjusted to 10 mm apart in the segment of MCA stenosis. Thirty MES were 
detected per 30 minutes during the first examination and fresented for 27 days 
after onset of monitoring (Fig 5-2C). 
3) Patient three (Fig 5-3 A and B, see page 99) had severe stenosis of the right MCA 
as detected by MRA with high FV of up to 300 cm/s at depth from 62 to 50 mm 
by TCD. DWI showed multiple acute infarctions on the right internal border zone 
(yellow arrows) and cortex (red arrow) (Fig 5-3A). Insonation depths were 
adjusted to 10 mm apart in the segment of MCA stenosis. 102 MES were detected 
during the first examination, presenting for 16 days after onset of monitoring (Fig 
5-3B). 
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4) Patient four (Fig 5-4A and B, see page 100) had multiple stenoses of the 
intracranial arteries including the bilateral MCA, right anterior cerebral artery and 
bilateral posterior cerebral arteries, all detected by MRA. A high systolic FV with 
maximum of 200 cm/s was detected at depths from 76 to 44 mm on the left MCA 
by TCD. DWI showed multiple acute cortical infarctions on the left MCA 
territory. Insonation depths were adjusted to 10 mm apart in the segment of MCA 
stenosis. 20 MES per 30 min were detected at the onset of monitoring (Fig 5-4A). 
Only three MES examinations were performed due to lack of patient cooperation. 
MES were detected during the third examination, which only lasted 5 minutes (5 
days after onset of monitoring) (Fig 5-4B). 
5) Patient five (Fig 5-5A and B, see page 101) had a right MCA severe stenosis on 
MRA with high systolic FV with a maximum of 308 cm/s at depths from 62 to 40 
mm by TCD (Fig 5-5A). DWI showed multiple acute infarctions on the right 
internal border zone (yellow arrow) and posterior border zone area (white arrow). 
Depths were adjusted to 8 mm apart in the segment of MCA stenosis. Thirteen 
MES were detected during the initial examination, presenting for 8 days after 
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Signal analysis in off-line 
All signals were analysed off-line both on hard disk of the TCD machine and from 
the digital audio tape. FV or flow pattern and their association with an MES 
occurrence were analysed. Turbulence was recorded if the baseline showed both 
forward and reverse flow components^^. We counted the number of MES in each 
cardiac cycle or in each episode, and three or more MES in one cardiac cycle were 
defined as "MES splatter". 
On the post-FFT spectrum, the frequency of high intensity signals (Because it 
was also the velocity of signal on spectrum, it will be henceforth described as “S-
velocity") was classified as high or low S-velocity signals according to the location of 
the signal on the post-FFT spectrum. The high S-velocity signal was located in the 
upper half of spectrum; low S-velocity signal was located in the lower half spectrum. 
Signals were also classified as unidirectional or bi-directional. Unidirectional signals 
were found solely above the zero baseline and bi-directional signals were located on 
both sides of the zero baseline. A continuous bi-directional low S-velocity signal 
lasting more than one cardiac cycle was defined as a vibration. The definition of 
signals on the post-FFT spectrum is illustrated in fig 5-6A (page 103). On pre-FFT 
time domain signal, the frequency of vibration was described as "V-frequency", 
illustrated in fig 5-6B (page 103). V-frequency - 1/T (period between adjacent 
signals). The association between V-frequency and FV was also analysed by 
Spearman's correlation. 
Confirmation test for the origin of MES 
We used a bi-gate transducer in three different ways to confirm that MCA 
stenosis was the source of MES. In addition to monitoring downstream of the MCA 
stenosis, we set the other monitoring depths at the ipsilateral ACA and contralateral 













































































































































































































































Frequency of three special phenomena 
A total of 47 MES detections were performed in five patients. Three types of 
special phenomena were found with different frequencies in the five patients: 
occurrence of MES with FV change, MES splatter and bi-directional low S-velocity 
vibration (Table 5-4). 
Table 5-4: Frequency of novel phenomena in five patients 
MES with MES Long period bi-directional 
Patient velocity change splatter low frequency vibration 
1 18 5 
2 15 121 20 
3 2 7 
4 3 5 
5 7 
Characteristics of the three special phenomena 
Type I (MES with FV change) 
A total of 20 episodes of MES with FV change were seen in three patients. 18 
episodes were of FV decrease, one FV increase, and one quick FV increase followed 
by decrease (Fig 5-7A to Fig 5-7D). 
FV usually decreased suddenly simultaneous to the occurrence of an MES. The 
rising of FV was interrupted if the MES occurred in early systole (Fig 5-7A.1, page 
108) and the descending process was interrupted if the MES occurred in late systole 
or diastole (Fig 5-7A.2, page 108). The FV decreased both in systole and diastole in 
the cardiac cycle following the MES. The range of reduction in the peak systolic FV 
between the preceding and following cardiac cycles of an MES ranged from 40 to 70 
cm/s. The decreased FV became more severe and then moderated gradually in 6 of 15 
episodes recorded in patient two. Fig 5-7B1 (page 109) shows an MES with 
simultaneous FV reduction from 220 cm/s in the cardiac cycle preceding MES to 180 
cm/s in the following cardiac cycle. Thereafter, the FV decreased continuously from 
180 cm/s to 120 cm/s during the next 10 cardiac cycles and then increased gradually 
to 180 cm/s during the next 10 cardiac cycles. This fluctuation of FV associated with 
MES was found during a one-hour monitoring of patient two (Fig 5-7C, page 110). 
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The maximum peak systolic FV was 240 cm/s and the minimum peak systolic FV was 
120 cm/s. 
In one episode FV suddenly increased with an MES (Fig 5-7D.1, page 111). An 
intense MES occurred with FV increase from 190 cm/s to 220 cm/s followed by a low 
intensity but high S-velocity MES. 
During another episode, an MES occurred with instantaneous FV increase 
followed by another MES with high focused frequency (S-velocity), and the FV 
decreased again. However, there was no difference in FV between preceding and 
following cardiac cycles. 
Apart from the FV change, the other coexisting finding was turbulence. 
Turbulence sometimes appeared after an MES within the same cardiac cycle (Fig 5-
7B.1, page 109) and lasted for several additional cardiac cycles (Fig 5-7B.2, page 109 
and Fig 5-7C, page 110). Or alternatively, turbulence present before the MES 
sometimes disappeared after the MES (Fig 5-7D.2, page 111). 
Type-II (MES splatter) 
MES splatter was seen in all five patients for a total of 158 splatters (4 examples 
are presented in figs 5-8 A and B). The number of MES in each MES splatter varied, 
as did S-velocity and intensity. Fig 5-8A (page 112) shows two examples of splatter 
recorded in patients one and five. Around 20 MES were seen in each splatter. The 
MES splatters recorded in patient two were typified by a high intensity, bubble-like 
sound. Figure 5-8B (page 113) shows two splatters recorded in this patient, both of 
which had -80 MES during three or four cardiac cycles with the high intensity 
bubbling sound. These MES appear randomly with strong turbulent flow patterns 
displayed on both sides of base line. 
Type III (Bi-directional low S-velocity vibration) 
Bi-directional low S-velocity vibration was seen in 2 patients for a total of 25 
episodes (examples are presented in fig 5-9A to M). There were six characteristics 
common to the episodes: 1) bi-directional low S-velocity signals appeared 
continuously; 2) episode duration of 8 to 28 cardiac cycles (ranging from 1 to 38 
cardiac cycles); 3) sudden onset and end, both associated with MES; 4) S-velocity 
was higher in the direction of blood flow (on the positive side of base line) than 
against blood flow (on the negative side of base line); 5) Both amplitude and 
frequency of vibration (V-frequency) were higher in systole than in diastole; and 6) 
rhythmic machine-like sound was detected in synchrony with cardiac cycle. 
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There were characteristics specific to two individual vibrations: 1) a vibration 
with simultaneous FV increase was seen in once in patient one (Fig 5-9A, page 114); 
2) a 3 3-cardiac cycle vibration was noted in patient one that started with a sudden 
increase of FV from 180 cm/s to 280 cm/s in peak systolic FV without subsequent 
reduction. The FV increase was found in both proximal and distal channels. 
This vibrations starting at low V-frequency, accelerating in the next systole and 
then decelerating in diastole were found in two episodes Fig 5-9A (page 114) shows a 
vibration that started in the early systole with low V-frequency, accelerated in the next 
systole and then decelerated in the diastole. Fig 5-9C.1 (page 117) shows a vibration 
that started in diastole with low V-frequency, accelerated in the next systole and then 
decelerated in the diastole. The mean 士SD of V-frequency was 129 ± 49 Hz in systole 
and 44 士 7 Hz in diastole. The mean 士 SD of amplitude was 32 士 5 in systole and 25 士 
3 in diastole in distal channel. Significant difference was found between V-frequency 
and FV in one cardiac cycle (Spearman's correlation, Rs=0.802, P<0.001) (Fig 5-9C.2, 
page 118). 
Overlap of vibration and MES splatter was found in ten episodes (examples 
shown in figs 5-9E to J, pages 120 to 127). A signal with relatively high S-velocity 
and asymmetry was characterized as an MES, while a signal with low S-velocity and 
relative symmetry across the baseline was characterized as a vibration. A number of 
MES were found in every vibration, more frequently during systole. The overlap 
phenomenon occurred more frequently during systole as well. In some cases, the 
major phenomena might be MES splatter (fig 5-9E to I in page 120 to 126). Well, we 
think vibration and MES splatter overlap, but it was hard to tell. It might just have 
been one or the other. (Fig 5-9-J, page 127). 
The vibration or MES splatter diminished or ended intermittently with an MES in 
eight episodes (fig 5-9C.1, fig 5-9F to H, and fig 5-9J). Intermittent vibrations 
occurred five times during 10-cardiac cycles recorded in patient one (Fig 5-9C.1). 
MES were evident in three of intervals and absent in two. The duration of intervals 
varied. Vibration was more pronounced during diastole in a 19-cardiac cycle vibration 
recorded in patient two (Fig 5-9J). This vibration was separated into several short 
segments and was found more in diastole. Each short vibration started and stopped 
with a MES. Vibration and MES splatter diminished gradually following a large MES 
in one case, and ended abruptly with a large MES in the other. 
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Vibrations with turbulence were seen in seven episodes (fig 5-9E to J). 
Turbulence flow occurred more commonly with an MES, appearing on the TCD 
machine below the signature of the vibration or MES, falling on both sides of baseline 
and generally disturbing the primary signal. 
Results of conformation test of embolic source 
Next, we sought to determine the source of MES. No MES were detected in the 
ACA，the contralateral MCA, or the MCA upstream of stenosis. MES were detected 
in segments downstream of MCA stenosis (Fig 5-1 OA to D, pages 129-132). 
For testing the MCA and ACA, the probe was set in the ACA at a depth of 70-72 
mm with flow direction away from the probe. This was confirmed by compression 
test of the ipsilateral common carotid artery (Fig 5-lOA, page 129). MES were 
recorded in the MCA channel, but not in the ACA. 
For testing the ipsilateral and contralateral MCA, the probe was set at a depth of 
94 mm with flow direction away from the probe (Fig 5-lOB and C, pages 130 and 
131). MES and MES splatter were detected in the ipsilateral MCA but not the 
contralateral. 
For channels tested proximal and distal to the MCA stenotic segment, the results 
shown in fig 5-lOD (page 132) were obtained in patient one, who presented with a 
short segment of left MCA stenosis. Note that circumscribed FV increased from 52 
mm to 42 mm while normal FV was detected in the proximal segment. First, both 
channels were adjusted within the stenotic segment: the upper channel was set at 52 
mm depth, and the lower channel at 42 mm depth. MES were recorded in both 
channels. Then, the upper channel was adjusted to 56 mm (before stenosis) and the 
lower channel was adjusted to 42 mm (within the stenosis). MES were recorded in 
lower channel only. And lastly, both channels were adjusted before stenosis with 
upper channel depth of 64 mm and lower channel depth of 54 mm. No MES were 
detected in either channel during 20 minutes of monitoring, compared to recording of 
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Occurrence of MES with FV change simultaneously 
The FV remains the same when the reduction of lumen diameter is less than 50%. 
However, in the case of >50% reduction, FV rises in proportion to the degree of 
stenosis until reaching a critical stage, at which point the flow volume is reduced^" .^ In 
a segment of stenotic artery, sudden lumen enlargement may be caused by 
dislodgement of a large embolus from the surface of the occlusive thrombus. On the 
other hand, lumen diminishment may be caused by a change in the configuration of a 
protruding thrombus. Fig 5-7A (page 108) illustrates the process of an embolus 
release. The first picture illustrates a thrombus attached to the surface of 
atherosclerotic stenotic plaque. The second picture illustrates a fragment of this 
thrombus breaking away and becoming an embolus. Dislodgment of this embolus 
enlarges the lumen area, leading to a reduction of FV. The processes of thrombus 
protrusion and subsequent embolization are illustrated on the top of fig 5-7D (page 
111). The first picture illustrates a thrombus attached tightly to the surface of an 
atherosclerotic plaque. The second picture shows this attached thrombus loosening 
and protruding into the lumen. The third picture shows a portion of the thrombus 
dislodging to become an embolus. The observation that these three processes occur 
immediately after an MES suggests that MES is the cause of FV change. 
Apart from lumen area change caused by thrombus dislodgement, the release of 
an embolus from the thrombus may cause a vasospasm. Artery spasm may lead to the 
occurrence of an MES with simultaneous FV increase caused by the lumen diameter 
reduction during vasospasm. However, vasospasm should not occur simultaneously 
with MES. Rather it should occur gradually following an MES. We find that the FV 
decreases continuously after occurrence of an MES, and then gradually increases. 
This suggests that cerebral artery autoregulation could be initiated by dislodgement of 
an embolus. 
Findings of appearance or disappearance of turbulence after an MES indicates 
that the dislodgement an embolus could change the local flow profile. Laminar flow is 
most common in a normal vessel. The TCD spectrum displays a narrow range of 
velocities, with most of the energy concentrated along the outer envelope of the 
waveform. The lower portion of the spectrum is often referred to as the window sign, 
implying the absence of disturbed or turbulent flow^^ Turbulence increases in the 
presence of stenosis because a high-velocity flow passes the stenosis and encounters a 
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dilated segment immediately distal to the stenosis. The turbulent flow pattern may 
disappear if the lumen is enlarged by embolus release, or may appear if the surface 
configuration of the lumen is changed by this release. Although turbulence is most 
frequently associated with significant stenosis, it also occurs at very abrupt changes in 
vessel diameter or geometryi�. 
Regardless of why the FV changes during the occurrence of an MES with 
simultaneous FV change with or without subsequent change of turbulent flow pattern, 
the occurrence of hemodynamic change with an MES may indicate that the insonated 
site is the origin of the recorded MES. 
MES splatter 
We believe that MES splatter represents a number of thrombus fragments being 
released into the blood over a short period. A similar phenomenon was reported 
recently when Segura et al found asymptomatic clusters of MES with 12 to 45 MES 
per cluster in symptomatic stenotic MCA in a patient with recurrent TIA by bi-gate 
transducer at the stenotic segment and distal to stenosis^^ These clusters were not 
detected 48 hours later, leading this group to speculate that these MES clusters were 
due to the release of multiple particles of microaggregates owing to turbulent flow at 
the level of the stenosis. Alexandrov et al found similar clusters of MES distal to a 
high-grad MCA stenosis in an acute severe stroke patient before spontaneous partial 
recanalizationi6. He suggested that the clusters indicated the dissolution of an embolus 
leading to very small pieces of clot break-up travelling to distal vasculature. 
In our study, MES splatter was found in all five patients, usually occurring in 
the first few days and with frequent number of single MES during 30-minute 
monitoring. This is likely to represent fragmentation of a thrombus into multiple small 
pieces of emboli consisting of platelet aggregates, fibrinogen or clot due to high-
velocity flow in the site of stenosis. Furthermore, all of these five patients have 
multiple acute infarctions in the MCA territory on DWI and two patients have 
recurrent stroke due to subsequent MCA occlusion, suggesting that the presence of 
MES splatter is a marker of unstable plaques with a high risk of progressive stenosis 
and embolism. 
The MES splatter recorded in patient two has additional unique characteristics 
(Fig 5-8B, page 113). This splatter had a high intensity bubbling sound with a large 
number of MES in each splatter, usually without change in FV. Generally, solid 
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emboli such as platelet aggregates produce weaker signals than air and fatty emboli 口 
Although it is difficult to distinguish the composition of MES detected by ultrasound, 
we speculate that such splatters of MES may be rich in cholesterol crystals rather than 
fibrin and platelet aggregates because of the high intensity. 
Emboli occluding the brain artery containing cholesterol crystals and fibrin, or 
containing fragments of thrombi consisting of fibrin and platelets adhered to clusters 
of cholesterol crystals were found pathologically in patients who had advanced 
atherosclerotic disorders without preceding events (such as aorta coronary bypass, 
graft implantation for thoracic aortic aneurysm or coronary angiography) that may 
trigger the dislodgement of atheromatous materials for the arterial walls during the 
procedurei8. Plaque rupturing may have different degrees of erosion, fissuring, or 
ulceration. When deep ulceration occurs, an atherosclerotic lipid core rich in tissue 
factors is exposed to flowing blood and is released into the lumen^ '^^ ^. 
In our work, we found that even for splatters with up to 300 MES in the event, 
there are almost no abrupt changes in FV, supporting the notion that the MES 
originates from the depths of the plaque. In a previously published in vitro study, 
exposure of the lipid core to flowing blood triggered the formation of thrombi up to 6 
times larger than those generated by exposure of other components of the artery w a l P � 
Bi-directional low frequency (S-velocity) vibration 
The physical proportions of the signals can be summarized as follows: 1) V-
frequency and machine-like sounds are synchronized with the cardiac cycle. Higher 
V-frequency or louder sound is associated with higher FV in the systole (Fig 5-9C.2, 
page 118); 2) the signals are bi-directional, i.e. displayed on both sides of base line. 
S-velocity was higher in the direction of blood flow (on the positive side of 
base line) than against blood flow (on the negative side of base line), indicating that 
S-velocity augmentation or reduction is somehow affected by flow direction. This 
indicates that the phenomenon of vibration probably occurs within the lumen and has 
a close relation with blood flow. Therefore, it is likely that the bi-directional low S-
velocity signals represent vibration caused by an object protruding into the lumen. 
Vibrations are oscillatory responses of dynamic systems. The blood flow passing 
through a stenotic area does so in high-speed jets. The velocity of fluid particles 
during motion generates kinetic energy��. An object located in the artery lumen 
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receives the energy from blood flow continuously and subsequently turns it into a 
forced vibration. 
Due to the limitation of direct or indirect data for the site where the bi-
directional low S-velocity vibration was detected, there are several possible 
interpretations. We observed that vibrations usually start and stop with an MES, that 
MES also appear during vibration, and that V-frequency and amplitude of vibration 
change during occurrence of an MES. This suggests that the vibrations may represent 
a “ floating" thrombus attached to the surface of atherosclerotic stenosis, although due 
to the lack of the morphological details，it is difficult to confirm this and other 
hypotheses. 
Similar vibration was reported from an oscillating intraluminal fresh 
thromboembolus in proximal ICA by B-model ultrasouncP. The fresh 
thromboembolus quickly moved distally during the systole of the cardiac cycle and 
returned slowly to the original position during diastole. Apart from a thrombus, 
visible mobile structures within the lumen include sail-like dissections of the inner 
vessel wall of the ICA^^ Dissection of the MCA is rarely found pathologically in case 
reports in patients with head trauma or cardioembolic MCA occlusion 25，26. 
Furthermore, all of patients had no history of head trauma before ischemic stroke 
onset or atrial fibrillation, rendering the possibility of MCA dissection less likely. 
Finally, the TCD waveform showed a spectrum pattern of high FV, which suggests 
severe stenosis rather than a high-resistance flow pattern with bi-directional flow 
components such as those seen in ICA dissection^^. 
Possible mechanisms for vibration phenomenon are discussed as follow: 
1) Mechanism one: Changes in the configuration of the thrombus or changes in the 
orientation within the lumen during MES dislodgment may be responsible for 
vibration. At least one of the following: vibration initiation, diminishment, 
suspecting, resumption or cessation is associated with an MES in every vibration. 
In patient two, a number of MES appear during the vibration. Interestingly, the 
occurrence of multiple MES reduced the vibration until it finally ceased. This 
phenomenon may be explained by the fragmentation of the thrombus with 
diminished obstruction of the blood flow, or a change in the shape of the thrombus. 
2) Mechanism two: Sudden thrombus loosening or protrusion to the lumen may 
cause vibration. When a large thrombus loosens on the surface of the plaque or 
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project into lumen, FV increases. This phenomenon is observed in patient one (Fig 
5-9A, page 114). 
The duration, V-frequency and amplitude vary in each vibration. The duration of 
each vibration can be as short as one cardiac cycle or as long as 38 cardiac cycles. The 
V-frequency is higher in patient one than that in patient two, which may be explained 
by the higher FV of patient one than that patient two. When the S-velocity of MES is 
low, it is difficult to distinguish a MES from a vibration signal. An embolus is 
unidirectional but a vibration is bi-directional. Because an embolus moves along the 
flow direction, therefore, it has to be unidirectional and usually has high frequency (S-
velocity). In contrast, a vibration presents bi-directional signals on both sides of the 
base line because it has positive and negative signals. In some cases, it is easy to 
recognize the MES from vibration signals. In fig 5-9J (page 127) and fig 5-9K (page 
128), the signal with high frequency (S-velocity) is embolic while the signal with bi-
directional low S-velocity is vibration. However, MES recorded from the site of MCA 
stenosis usually have special characteristics such as multiple frequencies, bi-
directionality of the low frequency (S-velocity) portion of the MES caused by 
embolus vibration, and only low frequency (see chapter five-II). Thus it may be 
difficult to distinguish a MES from a vibration signal (fig 5-9E to I, page 120 to 126). 
Another phenomenon associated with vibration is disturbed blood flow. This is 
similar to turbulence seen down stream of a severe stenotic artery (fig 5-9E to J). 
Strong low frequency (S-velocity) components appear on both sides of baseline. A 
postembolic change of 1-s ign” was observed and was explained by Doppler 
phenomena caused by postembolic flow disturbances^^. This phenomenon is seen 
more frequently in vibration with frequent MES. It is also seen in association with 
MES splatter, suggesting that the phenomenon might result from disturbed blood flow 
caused by thrombus vibration or dislodgement of embolus. 
Testing for the source of MES detected from MCA stenosis 
Our results show that MES are detected downstream of MCA stenosis but not in the 
ACA，the MCA upstream of MCA stenosis or in contralateral MCA. These 
observations indicate that the MES originate at the stenotic MCA rather than in the 
heart or ICA. If the MES originated in the heart, they should be detectable in the 
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contralateral MCA, ACA or proximal MCA. If the MES originated in the ipsilateral 
ICA, signals should be detected in both proximal and distal segments of stenotic 
MCA or in the ACA. In support of this, Navabi found that MES appeared both in 
prestenotic and poststenotic segments in one patient with a coexisting ipsilateral ICA 
stenosis . 
Although we believe that the emboli detected in the stenotic segment or distal to 
the stenosis originate in the stenotic MCA, some argument can be made that the 
emboli could have been dislodged from an intrinsic atherosclerotic MCA stenosis or 
dissolved from an impacted clot from an upstream source. However, we have several 
reasons to believe that intrinsic atherosclerosis of MCA stenosis is the most likely 
underlying pathophysiology in our study. Firstly, our patients had no potential 
embolic sources in the ipsilateral carotid artery system or atrial fibrillation. Secondly, 
the previous acute infarctions were strictly located in the MCA territory based on 
DWI. Thirdly, The TCD spectrum presented typical severe stenosis waveform 
patterns characterized by high FV with disturbed and turbulent Doppler signals. 
Recanalized TCD spectrum is usually characterized by a phase of asymmetrical MCA 
FV with lower values in the symptomatic MCA caused by migration and a more distal 
location of the clot, although higher FV without abnormalities of the Doppler signal 
that might suggest the presence of MCA stenosis in the symptomatic MCA was 
observed29. Although it is difficult to exclude the possibility that spontaneous MCA 
dissection or embolism from undetected potential embolic sources were the origin of 
MES in one or more individual patient, epidemiological studies show that in situ 
MCA stenosis is common among asymptomatic Chinese subjects. 
Transcranial Doppler had its own technical limitations and only five patients were 
tested in this study. Therefore, it should be kept in mind that further validation of 
these observations will need to be undertaken to expand our understanding of 
potential pathological interactions and confounding variables. However, within this 
context, our work provides an exciting new application for TCD and a possibility for 
monitoring of thromboembolisms in real time. 
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Chapter Five-II 
Characteristics of Microembolic Signals Detected near Its Origin 





• Microembolic signal (MES) detection 
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• Types of MES detected from MCA stenosis 
• Characteristics of three types of MES 
5.2.5 Discussion 
• Emboli moving from vessel wall to the center 
• Emboli vibration 
• About calculating the time delay between two channels 
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5.2.1 Abstract 
Background- The usual microembolic signal (MES) monitoring is performed for 
MES arising from downstream source. The aim of this study is to describe the special 
characteristics of MES originating from a nearby source in the middle cerebral artery 
(MCA). 
Methods- All MES detected during the initial monitoring of five patients (see Chapter 
Five-I) were used in this study. We performed an offline analysis of the recorded 
MES both in post-FFT spectrum and pre-FFT time domain signal. MES were divided 
into three types- focused-frequency signal (FFS), bottom-frequency signal (BFS) and 
multi-frequency signal (MFS)- according to the frequency of signal displayed on the 
post-FFT spectrum. 
Results- A total of 265 MES were detected during an initial examination of five 
patients. The predominant type of MES seen was MFS (245 MES, 92.5%) followed 
by FFS (11 MES, 4.2%) and BFS (9 MES, 3.4%). On post-FFT spectrum, MFS 
occupied multiple frequencies along the vertical axis and the low frequency part was 
usually bi-directional. On pre-FFT time domain signal, the signals were also 
composed of multiple frequencies. The highest frequency part presented a distorted 
amplitude-modulated sine wave. The amplitude of the low frequency part diminished 
with time in the proximal channel but enlarged with time in the distal channel over a 
short period. 
Conclusion- The MES recorded from the site of MCA stenosis had special 
characteristics of multiple frequencies both on post-FFT spectrum and pre-FFT time 
domain signal. Our findings may represent a rotating or vibrating embolus as it is just 
dislodged from the thrombus and is moving from the vessel wall to the centre. 
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5.2.2 Introduction 
Microembolic signals (MES) detected by transcranial Doppler (TCD) in the middle 
cerebral artery (MCA) of patients with internal carotid artery stenosis or atrial 
fibrillation are usually described as high intensity, short duration, unidirectional and 
are characterized by a time delay between two channels as seen with a bi-gate 
transducerl -4. However, for both carotid artery stenosis and atrial fibrillation, the 
MCA is far downstream from the embolic source. There is no published report 




All MES detected in the initial monitoring of five patients (See Chapter Five-I) were 
enrolled in this study. MCA severe stenosis was found by TCD examination in all 
patients. The mean systolic flow velocity was 283.6 cmls (ranging from 200 to 330 
cm/s). Stenosis was confirmed by MRA. For clinical, neuroimaging and conventional 
TCD examination data, please refer to Chapter Five-I. 
Microembolic signal (MES) detection 
For MES detection, stenotic or distal segments of the affected MCA were 
insonated through the temporal window for 30 minutes. A 2 MHz bi-gate transducer 
was fixed to the patient's head with the Marc 500 TCD probe fixation head-frame 
(Spencer technologies) and the distance between the two insonation depths was set at 
8 to 10 mm. The whole outline of flow signal was adjusted to visible during the 
monitoring and a sample volume of 6 mm in length and a low gain were used. The 
TCD machine used a 128-point FFT (Fast Fourier Transform) analysis and a graded 
colour scale showed the intensity of the received Doppler signal. FFT time frame 
overlap was 61 % to 71 %. In addition, the audio Doppler signal of both channels was 
continuously recorded by a four channels digital audio tape recorder (TA-88, TEAC 
Corporation) at normal speed. Maximum systolic FV was measured during each MES 
monitoring. The detection threshold of ~5 dB was used for automatic on-line 
monitoring because MES recording decreased at a detection threshold of ~ 3 dB due 
to frequent high intensity turbulence at the site of MeA stenosis. Simultaneous to the 
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automatic monitoring, any suspected signal was also recorded manually. In off-line 
analyses and play back from the audio tape, embolic signals were defined based on a 
consensus of published MES criteria^ 
Classification of MES 
We performed an offline analysis of the recorded MES both in post-FFT 
spectrum and pre-FFT time domain signal. The MES were classified into three types 
according to the frequency component on the post-FFT spectrum: focused-frequency 
signal (FFS), bottom-frequency signal (BFS) and multi-frequency signal (MFS). FFS 
was defined as having a focused frequency displayed in the median or top of the 
spectrum. BFS had low frequency displayed in the bottom of spectrum in continuation 
with baseline. MFS had components in multiple frequencies along the vertical axis 
(examples seen Fig 5-11, page 148). 
For analysis of the MES recorded from source of MCA stenosis, further analysis 
of pre-FFT time domain signal was performed. Time delay of the MES between the 
tAvo channels was calculated based on signal inception as well as peak amplitude. 
5.2.4 Results 
Types of MES detected from the MCA stenosis 
A total of 265 MES were detected in the first examination in five patients. Of 
those 265 MES, 11 were FFS, 9 (3.40/0) were BFS. We found that MFS (245 
occurrences (92.5% of total)) were the most common finding during TCD monitoring 
in patients with MCA stenosis. 
Characteristics of three types of MES 
FFS had focused frequency displayed in the median or top of the post-FFT 
spectrum. On pre-FFT time domain signal, FFS presented as an amplitude-modulated 
sine wave with time delay between two channels (Fig 5-12A, page 149). 
BFS had low frequency displayed in the bottom of spectrum connecting with 
baseline on post-FFT spectrum. On pre-FFT time domain signal, BFS was an irregular 
wave without the characteristic amplitude-modulated sine wave. There was no time 
delay between two channels on the pre-FFT time domain signal (Fig 5-12B, page 150). 
MFS occupied multiple frequencies along the vertical axis with different 
intensities on post-FFT spectrum. Pre-FFT time domain signal showed multiple parts 
with different frequencies compatible with the signal displayed on the post-FFT 
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spectrum. The high frequency part was of shorter duration than the low frequency part 
on the post-FFT spectrum. A similar phenomenon was seen on the pre-FFT time 
domain signal, where the high frequency was usually a part of a low frequency signal 
(fig 5-13 and 14, page 151-152). If the signal intensity across different frequencies 
was similar on the post-FFT spectrum, the high frequency part and low frequency 
parts were both displayed clearly on the pre-FFT time domain signal (fig 5-13 and 14). 
If the intensity of the low frequency part was stronger than high frequency part on 
post-FFT spectrum, only the low frequency was shown clearly on the pre-FFT time 
domain signal (fig 5-15 and 16, page 153-154). 
Although there was no intact amplitude-modulated sine wave “spindle” on the 
pre-FFT time domain signal, the highest frequency part displayed a “distorted 
spindle” having a relatively constant frequency but irregular amplitude. The distortion 
appeared at the posterior half (distal channel of first MFS in fig 5-13) and at the 
middle of spindle (fig 5-14). The weaker the intensity of the low frequency part, the 
less the high frequency spindle was distorted. Fig 5-15 shows an FMS with high 
intensity of low frequency part displayed on the post-FFT spectrum. The high 
frequency part had low intensity in the proximal channel and was almost 
unrecognizable in the distal channel. On pre-FFT time domain signal, there was also 
no high frequency signal consistent with the finding on post-FFT spectrum. 
The higher frequency part was unidirectional but lowest frequency part was bi-
directional displayed on both sides on baseline on post-FFT spectrum. The low 
frequency part of the signal usually lacked an abrupt beginning or ending, and it was 
an irregular wave. Some of low frequency part could overlap with the entire high 
frequency part. The amplitude of the low frequency part diminished with time in the 
proximal channel but increased over time in the distal channel (fig 5-14 and 5-16). 
When the time delay between two channels was calculated based on the 
beginning of the whole signal, we encountered three different adverse situations. First, 
when signal inception could be clearly recognized in both channels (fig 5-13，page' 
151) there was often no time delay between them. Second, on occasion there was no 
abrupt beginning in either proximal or distal channels (fig 5-15, page 153). And third, 
occasionally it was unclear at times whether we were recording a real time delay or an 
artifact caused by waveform differences upon signal inception in the two different 
channels (fig 5-15 and 5-16, page 153-154). 
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We then attempted to calculate the time delay between the two channels based on 
the peak amplitude. However, it was very difficult to define the appropriate peak 
amplitude for the whole signal because there might be several similar peak amplitudes 
(fig 5-14 to 5-16). Therefore, it was impossible to calculate the time delay between 
two channels in this way. 
For comparison, a classic MES detected in the MCA of a patient with a prosthetic 
heart valve and an artifact obtained by mouth chewing are shown in fig 5-17 (page 
155). In the first, a focused high intensity signal is displayed in both proximal and 
distal channels on post-FFT spectrum. Two amplitude-modulated sine waves 
(spindles) are shown in proximal and distal channels with marked time delay between 
them on pre-FFT time domain signal. In contrast, the artifact shows low frequency 
signals on both sides of the baseline and a slow wave without time delay between two 
channels on the pre-FFT time domain signal. 
MES recorded from the site and more distal channel of MCA stenosis in one 
patient are presented in Fig 5-18 (page 156). When the channels were adjusted within 
the stenotic segment, an MFS was detected. Interestingly, the pre-FFT time domain 
signal had a distorted spindle formed by the high frequency part with a low frequency 
amplitude diminishing with time in the proximal channel but increasing with time in 
the distal channel. When both channels were moved downstream of stenosis, an FFS 
was detected. Similarly, an amplitude-modulated sine wave was seen on the pre-FFT 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Although there is doubt whether BFS represents an MES with a low frequency, 
there is no argument that an FFS displayed on the TCD spectrum is an MES. But both 
types make up only small proportion of MES recorded in patients with MCA stenosis. 
The majority are MFS, which compose 92.5% of the 265 MES in our study. While 
previous studies have assessed the possibility of MES monitoring and the prevalence 
of MES in patients with MCA stenosis^'^ no prior research has reported on the 
characteristics of MES detected from the site of MCA stenosis. 
Emboli moving from vessel wall to the center 
Frequency focused intensity increase (maximal over a narrow range) is 
recognized as an important characteristic of MES originating from far away^ But 
MFS is not an individual phenomenon because 92.5% of MES had this characteristic 
in our study. An embolus dislodges from parent substrate just as a thrombus moves 
into the centre of a blood vessel. Therefore, the velocity of embolus is low in the area 
near the wall and higher in the centre. Furthermore, differing velocities of different 
parts of an embolus cause embolus rotation due to disturbed blood flow at the stenosis 
level. Thus, the multi-frequency signal we see here may represent a rotating embolus 
moving from the vessel wall to the centre. 
From the pre-FFT time domain signal, the Doppler signal from a single point 
target travelling at a more or less constant speed through a classical tear-shaped 
sample volume takes the form of an amplitude-modulated sine wave like a spindle lo. 
In signal modulation, the data signal (such as MES) is used to change a property (such 
as amplitude or frequency) of a carrier signal. In other words, one can say that the 
carrier signal is modulated by the data signal. In amplitude modulation, the amplitude 
of a periodic carrier signal varies according to the amplitude of the data signal 
(modulating signal) when the frequency of the carrier signal (carrier frequency) is 
constant " Smith et al found that if an embolus changed velocity as it travelled 
through the sample volume, some degree of frequency modulation would also be 
present, although a rapid change of modulation never occurred in particulate embolP. 
But MES detected near their origin in a MCA stenosis may present as an irregular 
wave containing different frequencies and amplitudes although the high frequency 
part displays a distorted amplitude-modulated sine wave‘ It is a very complex physical 
phenomenon indicating that the signal might have different frequencies and directions. 
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Emboli vibration 
The use of a multi-gate transducer allows unambiguous differentiation between 
MES and artifacts^ A bi-gate transducer, which samples two depths of the same 
artery, reveals the movement of the embolus by noting time delay, whereas an artifact 
affects both channels simultaneously. Thus, a time delay between two channels 
represents an embolus passing, whereas no time delay is recorded if a signal caused 
by an artifact. This observation is true for emboli originating far away from the MCA 
but may not be applicable for MES near the origin of the embolic source. For 
discussion of this problem, we shall analyse the low frequency signal first. 
For the observed multi-frequency signal, the high frequency part is unidirectional 
but the low frequency part is bi-directional. Although the embolus could rotate or turn 
in the disturbed blood flow, leading to multiple frequencies of MES, it should still 
follow the flow direction and will be unidirectional. Therefore, the low bi-directional 
frequency part may have different cause. A thrombus in an occluding plaque 
obstructs the fluid blood flow and is continuously lashed by high-speed blood flow. 
At a point in time, the blood flow energy becomes larger than the attaching energy 
and the thrombus detaches from its parent substrate and moves into the blood flow, 
becoming an embolus. This newly bom embolus contains the energy received from 
high-speed blood flow. This energy causes the embolus to vibrate. The duration and 
frequency of embolus vibration may be associated with the speed of blood flow, and 
the embolus shape, size and material. The embolus-vibration wave is bi-directional 
because it includes both positive and negative frequencies. This embolus moves with 
the flow direction but has an intrinsic bi-directional vibration. The embolus vibration 
moves with the embolus from the proximal channel to the distal channel. Therefore, 
the low frequency wave (embolus vibration) should diminish in the proximal channel 
but increase in the distal channel with time. This is seen in all MFS examples given 
(Fig 5-13 to 5-16 and fig 5-18, page 151-154 and page 156). Ries et al described a 
postembolic Doppler spectral pattern (X-sign) explained by Doppler reflection 
phenomena caused by postembolic flow disturbances or by technical factors 
concerning beam geometry in vitro^^ Furui et al found another postembolic signal 
(tail sign) which was suspected to represent emboli passing down a branch vessel or 
twisted downstream vessel both in vitro and in vivo^^ Signals described in both 
papers were always followed by MES, which is the common characteristic in both 入. 
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sign and tail sign, the so-called postembolic sign. The bi-directional low frequency 
portions detected in our patients differ in that they occurred at the same time as the 
MES or as part of the MES. Furthermore, this phenomenon was only recorded in the 
source of embolus but not in a more distal artery in one patient (Fig 5-18, page 156). 
This finding indicates that the embolus vibration only lasts a very short time. The use 
of a four-gate or more transducer may provide supporting evidence of this. 
Calculating the time delay between two channels 
A loading effect will occur when two or more signals are matched^^ In our pre-
FFT time domain signals, both low frequency and high frequency were distorted. The 
low frequency signal usually did not have characteristics of an amplitude-modulated 
sine wave (spindle), but the high frequency MES usually presented as a distorted 
spindle, although it is difficult to recognize as an intact spindle. Thus the high 
frequency with distorted spindle may represent an MES and the lowest frequency 
may represent embolus-vibration signal. The amplitude of the low frequency part 
diminishes in proximal channel but increases in the distal channel. Furthermore its 
beginning was usually heterogeneous, making it very difficult to calculate the time 
delay between the two channels. Moreover, the high frequency signals in both 
channels are distorted, making it impossible to measure the time delay between two 
channels according the site of maximal amplitude of signal. 
All five patients have multiple infarctions in the territory of MCA on DWI 
considered to indicate underlying embolism. Therefore, it is likely that the signals 
recorded from symptomatic MCA stenosis with multiple frequencies with bi-
directional in low portion and without time delay is embolus. 
Transcranial Doppler had its own technical limitations. The explanations 
described above were speculation and were insufficiently supported. Further clinical 
or laboratory studies are needed to confirm this hypothesis, but our work provides an 
exciting new application for TCD and a possible for monitoring of thromboembolism 
in real time, of embolic signal. 
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The relationship among FV, the number of MES and time since symptom onset 
• Patient one 
• Patient two 
• Patient three 
5.3.5 Discussion 
• Association between flow velocity or MES change and different 
antithrombotic treatments in acute stage 
• Progression of MCA stenosis after acute stage 
• Stability of MCA atherosclerotic stenosis 
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5.3.1 Abstract 
Background-This study sought to monitor the change in microembolic signal (MES) 
frequency and flow velocity (FV) of in situ stenotic middle cerebral arteries (MCA) 
and their response to different anticoagulants in three patients presenting with at least 
30 MES per 30 minutes upon initial TCD examination. 
Method- MES detection was performed with a 2MHz bi-gate transducer every 
available working day after onset of symptom until no MES were noted, followed by 
recordings every two months post discharge. The flow velocity in every examination 
was also recorded. Two of the patients were treated with Fraxiparin or warfarin 
followed by aspirin, and one received aspirin alone. 
Results- 100, 30 and 102 MES were found respectively in patients one, two and 
three at first examination. The flow velocity was 330 cm/s in patient one, 280 cm/s in 
patient two and 300 cm/s in patient three. The number of MES and flow velocity 
decreased after treatment with Fraxiparin (patient one) or warfarin (patient two). 
Rapid reduction of both the number of MES and flow velocity were seen in the 
patient treated with Fraxiparin compared to the one on warfarin. The number of MES 
increased slightly again in early days in the period of warfarin in patient one, and 
increased again in both periods of warfarin and aspirin in patient two. FV increased 
again after one month treatment with aspirin alone in both patients (the aspirin 
treatment having followed either Fraxiparin or warfarin). MCA stenosis progressed 
to occlusion after 8 months in patient three who was treated with aspirin alone both 
in acute stage and follow up. 
Conclusion- MCA stenosis is a dynamic process. Follow up TCD examination at 
regular intervals may provide a tool for evaluating treatments. Our study shows that 
in patients who have ischemic stroke underlying intracranial artery stenosis with 
active thrombosis and embolization, warfarin or warfarin plus aspirin might more 
effective to prevent the progression of stenotic artery and recurrent stroke, but it 
should be noted that this is a case report using a small sample size. Further large 
group and double blind control studies will be needed to determine the efficacy and 
safety of treatment with anticoagulants for these patients. 
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5.3.2 Introduction 
Microembolic signal (MES) detected by transcranial Doppler (TCD) correlates with 
outcome in symptomatic or asymptomatic internal carotid artery stenosis and post 
endarterectomyi-4. We have found the number of MES in patients with middle 
cerebral artery (MCA) stenosis has a predictive value for motor deterioration and 
recurrent stroke (see chapter four). Therefore, MES monitoring might open up new 
perspectives for the evaluation of anticoagulant treatment. However, there are limited 
studies in this field^'^ and follow up studies by TCD change of in situ atherosclerotic 
MCA after ischemic stroke onset is rare, and the literature lacks MES data?. Intrinsic 
atherosclerotic stenosis of the MCA is uncommon in Caucasians but is frequently 
found in Asians, Africans and Hispanics'-^^ The aim of this longitudinal study is to 
observe the change in MES frequency and FV of MCA stenosis and its association 
with different treatments in three patients. 
5.3.3 Methodology 
Among five patients who were studied in Chapter Five-I, patients one, two and 
three who showed fluctuating flow velocity were enrolled in this study. The other 
two patients were excluded because patient four was only monitored three times, and 
patient five did not have follow up data. All patients had severe symptomatic MCA 
stenosis diagnosed by TCD and confirmed by magnetic resonance angiography 
(MRA) and had multiple acute infarctions strictly in the territory of affected MCA on 
diffusion-weighted imaging (DWI). No patient had severe internal carotid artery 
stenosis or atrial fibrillation. MES detection was performed in every available 
working day after onset of symptom until no MES was detected, followed by 
monitoring every two months after discharge with a 2MHz bi-gate transducer for 30 
minutes in each examination. 
The clinical characteristics, conventional TCD, neuroimaging data and first 
MES monitoring data were shown in chapter five-I (patients one, two and three). 
More details of MES monitoring method were described in chapter five-I. 
The number of MES and the maximum of FV in every examination were 
recorded in each patient. There were a number of MES splatters with frequent MES 
per episode in patient two. (MES splatter was defined as 3 or more MES per one 
cardiac cycle. See chapter five-I). Furthermore, the number of MES in each splatter 
varied and was difficult to accurately separate in some cases. Therefore, the count of 
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MES was estimated per MES event. Both a single MES and an MES splatter were 
recognized as one MES event for patient two. 
Patients one and two were treated with Fraxiparine in the first 10 days. 
Warfarin was used for one month in patient one and for 12 days in patient two 
followed by aspirin alone in both two patients. Patient three was treated with aspirin 
alone both in acute stage and during follow up. 
5.3.4 Results 
MES detection was performed a total of 39 times in three patients. 100, 30 and 
102 MES were recorded in patients one, two and three respectively at the first 
examination. MES were detected up to day 18, 35 and 13 after onset of symptom in 
patients one, two and three respectively. The flow velocity was 330 cm/s in patient 
one, 280 cm/s in patient two and 300 cm/s in patient three. No MES were detected 
during later follow up studies (mean 6.7 months ranging from 3 to 9 months). 
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Patient one 
The relationship among FV, the number of MES and time since symptom onset 
in patient one is shown in figure 5-19. 
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Figure 5-19: the number of MES or FV and its association with different 
anticoagulants in patient one 
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MES were detected only during the first 18 days and MES splatter was seen in 
the first three days. Both FV and the MES occurrence decreased gradually for 18 
days after onset of ischemic symptoms. FV decreased rapidly from 330 cm/s to 140 
cm/s together with rapidly decreased count of MES in the first 11 days, when 
Fraxiparine was used. Thereafter, FV decreased slowly from 140 cm/s to 110 cm/s in 
the subsequent 10 days with slightly increased MES when Fraxiparine was stopped 
and warfarin was started. FV increased again from 110 cm/s in day 21 to 180 cm/s at 
month 3, and reached 300 cm/s at month 5 and then was stable at this level till month 
9. Aspirin was used in this period. No MES was detected in this period. Examples of 
FV changes on TCD and the number of MES monitored in corresponding day are 



























































































































The relationship among FV, the number of MES and time since symptom onset 
in patient two is shown in fig 5-21. 
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Figure 5-21: the number of MES or FV and its association 
with different anticoagulants in patient two 
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A number of MES and MES splatters occurred in the 35 days after onset of 
symptoms. FV fluctuated during this period. 354 MES events were detected in a total 
of 13 MES monitorings. In the first 14 days, although the FV and MES numbers 
fluctuated greatly, there was a decreasing trend in both of them with time elapsed 
since ischemic symptom. The number of MES events decreased from 40/30 minutes 
in day 3 to 5/30 minutes in day 14. The FV decreased from 240 cm/s in day 3 to 150 
cm/sec in day 14. In this period, Fraxiparine or warfarin were given. Aspirin alone 
was used from day 14, the FV was increased again to 250 cm/s in day 31 with 
increase in MES events of 27/30 minutes. Examples of maximum systolic FV and 























































































































































The relationship among FV, the number of MES and time since symptom onset in 
patient three (Fig 5-23). 
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Figure 5-23: the number of MES, FV or its associate with different anticoagulants in 
patient three 
There were a number of single MES with a few MES splatters during the first 
monitoring. This patient was treated with aspirin alone both in the acute stage and 
follow up. FV decreased slightly in day 11 compare to day 3 with reduction of 
numbers of MES. There was no available data in the period of day 3 to day 11. FV 
increased slightly again after one and a half months. However, FV decreased to 40 
cm/s in month 8 with an increase of FV in the ipsilateral anterior cerebral artery, 
which indicated an occlusion of the MCA (Fig 5-24, page 171). A MRA scan 
performed within one week after TCD examination confirmed occlusion of right 
MCA. Headache was the only symptom between 4 and 8 months. DWI showed a 






























































































































































































































































































































































































































































Association between flow velocity or MES change and different treatments in acute 
stage 
Improvement of FV in both spontaneous and thrombolysis-associated MCA 
recanalizations were observed by TCD in acute ischemic stroke patients with an 
underlying extracranial embolic source or cardioembolic s o u r c e 12] 5 Alexandre)v et 
al further demonstrated that MES followed by velocity improvement in the site of 
obstructed MCA indicates reperfusion^^. In one retrospective study, FV increased in 
35%, remained stable in 45%, decreased in 7% and was inconclusive in 14% out of 
29 stenotic intracranial arteries during a mean follow-up period of 21 months?. But 
no continuous data on TCD in the acute stage was available. We find that the FV 
fluctuated together with change of the number of MES in all three patients after acute 
ischemic stroke onset. This result indicates that the stenotic lesion of intracranial 
artery is a dynamic process and it may associate with thrombogenesis and 
embolization. 
FV decrease associated with simultaneous decrease in the count of MES was 
seen in patient one. This patient was treated with low molecular heparin in first 10 
days followed by warfarin for one month with two days overlap. Although 
anticoagulation with heparin cannot dissolve the thrombus, it impair thrombogenesis 
and prevents thrombus extension as well as early recurrence of embolism I We 
observed rapid normalization of FV with decreasing MES during the treatment with 
heparin. This result might indicate that both processes of embolization and 
thrombogenesis were suppressed effectively by anticoagulation with heparin. And it 
may also suggest that the emboli originating from arterial sources is composed at 
least partly of platelet-fibrin particles Gaseous was suggested according to 
without influences of the number of MES under anticoagulant plus antiplatelet 
therapy in the acute phase of stroke in patients with prosthetic heart valves by a case 
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report . The FV decreased continuously during anticoagulation with warfarin, the 
number of MES increased slightly in the first three days and then decreased again. 
For this patient, it is likely that anticoagulation with warfarin is also effective for 
impairment of thrombogenesis and reduction of the embolism but is not as good as 
heparin. 
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For patient two, although the FV and the counts of MES fluctuated greatly, 
there was a decreasing trend in both of them in the first 14 days with time elapsed 
since ischemic symptom. In this period, Fraxiparine and warfarin were given. It 
seems that both Fraxiparin and warfarin were effective in this patient but not as good 
as in patient one. 
Progression of MCA stenosis after acute stage 
FV increased again in all three patients in the second month after onset of 
symptoms. This finding indicates that the severity of stenosis had deteriorated. In 
month 8 of follow up in patient three, FV of affected MCA decreased to 40 cm/s in 
systolic velocity with compensatory increase of ipsilateral anterior cerebral artery, 
which suggests the occlusion of MCA as confirmed by MRA. DWI shows a new 
infarct in the occluded MCA area. Thrombosis and embolization may be initiated 
after or before ischemic symptom onset. Stable lesion may become unstable lesion. 
Our findings suggested that the process of thrombosis or the growth of plaque was 
accelerated after the onset of ischemic symptoms. This patient was treated with only 
aspirin both in acute stage and follow up. In the other two patients, increases of FV 
(deterioration of stenosis) occurred during aspirin treatment. Two of these three 
patients had recurrent stroke. A recent study showed that treatment with warfarin 
plus aspirin resulted in a lower incidence of myocardial infarction or new 
angiographic occlusion. All enrolled patients had angiography with documentation of 
the patency and minimal lumen diameter of the culprit lesion^l This result indicates 
that warfarin plus aspirin is more effective than aspirin alone for preventing the 
progression of coronary artery disease. A retrospective study reported a favourable 
risk/benefit ratio for warfarin compared with aspirin for the prevention of major 
vascular events with symptomatic intracranial large-artery stenosis^" .^ Our study 
shows that in patients who have ischemic stroke underlying intracranial artery 
stenosis with active thrombosis and embolization, warfarin or warfarin plus aspirin 
might more effective to prevent the progression of stenotic artery and recurrent 
stroke, but it should be noted that this is a case report using a small sample size. 
Further large group and double blind control studies will be needed to determine the 
efficacy and safety of treatment with anticoagulants for these patients. 
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Chapter Six 
The Optimal Values of Flow Velocity on Transcranial Doppler in 
Grading Severity of Middle Cerebral Artery Stenosis in Comparison 
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To investigate the optimal values of flow velocity on transcranial Doppler (TCD) in 
grading the severity of middle cerebral artery (MCA) stenosis in comparison with 
magnetic resonance angiography (MRA). 
Methods-
148 asymptomatic patients underwent both TCD and MRA examinations. Patients 
who had inadequate temporal window, atrial fibrillation or extracranial carotid severe 
stenosis or occlusion were excluded. The peak flow velocities of each MCA were 
recorded. Severity of MCA stenosis on MRA was classified as normal—mild (<50% 
lumen diameter reduction), moderate (50%-75%) and severe-void (>75% and void of 
flow signal). A receiver operator characteristic (ROC) curve was used to determine 
the cut-off point of velocity for the optimal values for diagnosis of MCA stenosis. 
Chi-squared Automatic Interaction Detector (CHAID) was used to identify optimal 
splits. 
Results-
Among 296 MCAs evaluated, normal-mild stenosis was found in 75 (25%), moderate 
stenosis in 112 (38%) and severe stenosis in 109 (37%). The mean of systolic velocity 
(Vs) of MCA differed significantly among these three groups: mean Vs=121.83 
士22.52 cm/s in the normal-mild group; 155.96士21.62 cm/s for the moderate group 
and 199.39士43.86 cm/s for the severe group (P<0.001). The optimal cut=off velocity 
for detection of MCA (>50%) stenosis was found at Vs >140 cm/s on TCD (area 
under the ROC curve is 0.87, P<0.001). The sensitivity was 91.4% and specificity 
was 82.7%，whereas the false positive rate was 17.3% and the false negative rate was 
8.60/0. The best cut-off points for grading severity of on TCD were 140 cm/s and 108 
cm/s using the CHAID. The overall correct classification was 74%. The percent 
correct classification for each individual grade of was TP/o, 710/0 and 80% for 
“normal—mild’，"moderate" and "severe-void" respectively. 
Conclusion-
TCD enables grading of the severity of MCA stenosis according to the flow velocity. 
This method provides a non-invasive and reliable method for grading MCA stenosis 




For diagnosis of intracranial large artery occlusive disease especially the middle 
cerebral arteries, comparison with digital subtraction angiography (DSA) and 
magnetic resonance angiography (MRA) have been reported previously ^ ^ I Studies 
for grading of MCA stenosis according to TCD using different cut-points of flow 
velocity have also been reported However, there are common problems in all 
previous studies. Firstly, TCD and DSA or MRA were performed in the acute stage of 
ischemic symptom in most studies 2,3,5 ^r including both symptomatic and 
asymptomatic patients ^ Intracranial stenosis is a dynamic lesion with rapid flow 
velocity change during the acute staged Flow velocity is unstable in the acute stage, 
and therefore, it is not appropriate to assess the reliability of TCD diagnose to 
intracranial artery occlusive diseases compared with DSA or MRA. Studying MCA 
stenosis in asymptomatic patients is likely to provide more accurate estimate of the 
usefulness of TCD. Secondly, none of the studies provide the statistical method for 
how to determine the best cut-off point of flow velocity for diagnosis of MCA 
stenosis and the best cut-off points for grading MCA stenosis. 
The aim of this study is to evaluate the best cut-off points of flow velocity for 
diagnosing and grading MCA stenosis compared with MRA, using statistical methods 
of receiver operator characteristic (ROC) curve and Chi-squared Automatic 
Interaction Detector (CHAID) in a large group of asymptomatic patients. 
6.3 Methodology 
Patients 
148 patients with vascular risk factors such as hypertension or diabetes, who attended 
medical clinics in our hospital and were participants of a project to investigate the 
prevalence of MCA stenosis among asymptomatic patients, were enrolled in this 
study and underwent both TCD and MRA examinations. Patients without an adequate 
temporal window were excluded. We also excluded patients who had atrial fibrillation, 
MCA occlusion or coexisting hemodynamic extracranial internal carotid artery (ICA) 
severe stenosis or occlusion. Among 148 patients, the mean age was 60.12 ±9.27 
years with 64 (43.2%) male. In addition, 66.2% of the patients had hypertension, and 
90.5% had diabetes. 
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TCD examination 
Both intracranial and extracranial arteries, including bilateral ICA, external carotid 
artery (ECA), common carotid artery (CCA), Subclavian artery, MCA, anterior 
cerebral artery (ACA), posterior cerebral artery (PCA) and siphon internal carotid 
arteries, were examined with the conventional method using TC2000 (EME, 
Germany). Bilateral MCAs were insonated through the temporal window for every 
patient. Insonation depth was started from 56 mm, and then tracked to as shallow as 
possible, usually < 40 mm or when bifurcation or trifiircation appeared. The 
insonation depth was then set at 56 mm again, and then increased progressively to 
proximal depth, usually > 66 mm. The TCD spectrum was recorded in each 4 mm 
decrement. In each depth, the probe position was adjusted until the highest Doppler 
frequency was obtained. The EME TC-2000 allowed manipulation of the baseline and 
gain controls off-line. It also provided a horizontal line (cursor) that could be 
displayed on the screen and positioned at any point on the waveform to help with the 
measurements. All TCD data were saved on a compact disk. We use the systolic 
velocity as the index of severity of stenosis, because the mean velocity is difficult to 
calculate accurately and often the ultrasound beam samples included not just the 
vascular segment of stenosis but also adjacent prestenotic and poststenotic segments 
with very different flow velocities. 
Grading of MCA stenosis on MRA 
MRA was performed within one week after TCD examination. Another observer, who 
was blinded to the results of TCD, assessed all MRA films. Severity of MCA stenosis 
was categorized as normal-mild (<50%); moderate (50%-75%) and severe (>75% 
and void of flow signal) on the basis of the amount of signal loss and the lumen 
reduction of MCA, modified by previous published method I The distribution of 
middle cerebral artery lesions on MRA film was categorized as proximal, stem, distal 
or diffuse, depending on the site of lesion involvement. A proximal lesion was 
defined as lesion localized at the origin of MCA and not exceeding one third of Ml. A 
stem lesion was defined as a lesion localized at the stem of MCA and not exceeding 
one third of ML A distal lesion was defined as a lesion located at the distal part of 
Ml. A diffuse lesion was defined if the lesions involved two or more parts. 
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Statistical analysis 
Data were analyzed on SPSS 10.0 package. One-way ANOVA was used to 
assess the difference of flow velocity on TCD among different grades of MCA 
stenosis on MRA. An ROC curve was then used to determine which cut-off point of 
velocity was the best for diagnosis MCA stenosis. (For each cut-off point, the area 
under each ROC curve was compared and used to determine which cut-off point was 
the best.) A sensitivity and specificity curve was drawn according to the coordinates 
of the ROC curve, from which the false negative rate and false positive rate were also 
calculated. For grading of MCA stenosis, we used the Chi-squared Automatic 
Interaction Detector (CHAID), a method that uses Chi-square statistics to identify 
optimal splits 
6.4 Results 
Detection of >50% MCA stenosis according to flow velocity 
Overall, 221 middle cerebral arteries (74.7%) were stenotic among 296 middle 
cerebral arteries on MRA scan. The systolic flow velocity of MCA in the normal-
mild group was 121.83±22.52 cm/s, whereas that in abnormal group was 177.35 
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Fig 6-1: Systolic velocity detected by TCD and the presence of MCA stenosis 
on MRA 
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Flow velocity was grouped as >130, >140, >150, >160 and >170 cm/s for 
calculating the sensitivity and specificity of diagnosing MCA stenosis on TCD 
compared with >50% MCA stenosis on MRA. Using an ROC curve, the optimal cut. 
off value of the flow velocity on TCD was 140 cm/s (area under the curve 0.870, 
P<0.001)，with a sensitivity of 91.4%, specificity of 82.7%, false positive rate of 
17.3% and false negative rate of 8.6% (Fig 6-2). Among 12 MCAs which were 
normal on MRA but abnormal on TCD, 10 had flow velocity in the range from 140 to 
160 cm/s one had a flow velocity of 175 cm/s and the remaining one had more than 
190 cm/s. 
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Fig 6-2: Sensitivity and specificity curves of TCD diagnosis for MCA stenosis 
comparison with MRA 
Among 221 abnormal MCAs on MRA, 82 MCAs had proximal stenosis, 50 had 
stem, 43 had distal and 46 had diffuse lesions. Sensitivity and specificity in different 
locations were shown in Fig 6-3. Although sensitivity and specificity were good in all 
different locations, a slightly higher reliability was seen in the stem. 
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Fig 6-3: Sensitivity and specificity curves of TCD diagnosis 
for MCA stenosis in different locations 
Grading severity of MCA stenosis by flow velocity 
For all 296 MCAs, 75 (25%) had normal-mild, 112 (38%) had moderate stenosis and 
other 109 (37%) had severe-void stenosis on MRA. The mean of systolic flow 
velocity (Vs) of MCA in the normal-mild group was 121.83 ± 22.52 cm/s, in the 
moderate group was 155.96土21.62 cm/s and in the severe-void group was 
199.39士43.86 cm/s. Flow velocity difference among three groups was significant 
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Fig 6-4: Systolic velocity detected by TCD among the different grading of MCA 
stenosis on MRA 
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Using the Chi-squared Automatic Interaction Detector (CHAID), it was found 
that the optimal cut-off values to the flow velocity for grading of were 140 cm/s and 
180 cm/s. In other words, when the velocity was <140, the MCA grade was more 
likely to be “normal-mild，，. On the other hand, when the velocity was >180 cm/s, 
MCA grade was more likely to be "severe-void", whereas the rest could be classified 
as "moderate". The overall correct classification using these cut-off points was 74%. 
The percent correct classification for each individual grade was 71%, 71%, and 80% 
for “normal-mild”，“moderate” and "severe-void", respectively (Table 6-1). 
Table 6-1: Correct classification table for grading MCA stenosis 
Correct classification table (MRA vs TCD)  
MRA (Actual) 
Normal-mild Moderate severe-void Total 
<140 66 22 5 93 
TCD (cm/sec) 140-180 8 70 21 99 
(predict) >180 1 20 83 104 
Total 75 r\2 296 
Among 75 MCAs with normal result on MRA, classification was overestimated 
by one degree in 8 (10.7%) with systolic flow velocity range of 140-108 cm/s and 
overestimated by more than one degree in 1 (1.3%) with velocity of >108 cm/s. 
Among 112 MCAs with moderate stenosis on MRA, evaluation was underestimated 
in 22 (19.6%) with flow velocity of < 140 cm/s and overestimated in 20 (17.9%) with 
velocity of >108 cm/s. Among 109 MCAs with severe stenosis, evaluation was 
underestimated by more than one degree in 5 (4.6%) with flow velocity of <140 cm/s 




Digital subtraction angiography (DSA) is considered the "gold standard" for the 
evaluation of extra- and intracranial artery disease. However, it is an invasive 
procedure with not insignificant perioperative morbidity. MRA delivers angiogram-
like images which can be projected in multiple planes by a three-dimensional 
postprocessing program Despite this advantage is potential overestimate the 
• 2 10 
severity of stenosis , . MRA is more suited for screening purpose especially among 
asymptomatic patients. In this study, we used MRA as the "confirmation standard". 
Reliability of TCD diagnosis for MCA stenosis 
Increase in flow velocity is the major direct result of lumen reduction. Our data show 
there is a significant difference between normal and abnormal MCA in systolic flow 
velocity. This indicates that it is feasible to diagnose MCA stenosis on the basis of 
flow velocity. From the curve of sensitivity and specificity obtained by ROC, it 
clearly shows that the TCD had good sensitivity of 91.4% and relative less good 
specificity of 82.7% at a cut-off point of >140 cm/s. In previous studies, different cut 
off points were used, but the reports did not indicate why those cut-off points were 
used 3. Apart from flow velocity, spectral waveform changes are also an important 
parameter for assessing presence and degree of MCA stenosis. In practice, reliability 
of TCD diagnosis MCA stenosis will be improved if the filling-in of the systolic 
window, negative flow components, turbulence on bilateral side of baseline and 
musical or non-musical murmers are all applied. 
Side to side difference is an important indirect parameter in the diagnosis of MCA 
stenosis ^ However, in Chinese ischemic stroke patients, stenoses of multiple 
intracranial arteries are very common with the maximum involving arteries up to 9 
In this study, 59% of patients had bilateral MCA stenosis. Therefore, the possibility of 
side-to-side difference being a paradoximal parameter should be considered carefully 
in Chinese stroke patients. 
From our data, there is no significant difference among proximal, stem, distal of 
Ml segment and diffuse lesions in evaluation of MCA stenosis by TCD. This 
indicates that the reliability of TCD assessment for any location of MCA stenosis is 
similar. However, it is difficult to identify accurately the location of a lesion 
according to the depth of velocity change, except in the case of a very short localized 
186 
stenosis. Identification of the lesion of stenosis was not attempted in the current study. 
The reason was not the lack of proximal and distal depth of flow increase, or lack of 
the relationship between adjacent arteries (such as proximal bifurcation or distal 
trifurcation), but because of the sample volume of 15 mm almost covered more than 
two-thirds of the whole stem within an insonated segment, which is usually on 18-28 
mm 12. 
Grading MCA stenosis according to flow velocity on TCD 
A few studies have attempted grading of MCA stenosis depending on flow velocity in 
comparison with DSA or MRA In 22 stenotic MCAs out of 18 patients, using 
systolic flow velocity of 140-209 cm/s, 210-280 cm/s and >280 cm/s as grading cut-
offs, there is poor correlation between TCD and MRA or DSA in grading of MCA 
stenosis . In 41 cases (including 31 abnormal MCAs), using systolic flow velocity of 
140-180 cm/s, 181-220 cm/s and >220 cm/s as the cut-offs to compare with results of 
DSA, although an excellent correlation was found for severe stenosis, seven low-
grade and three moderate stenoses were not revealed by DSA ^ The common problem 
in all previous studies was that no statistical method for calculating the best cut-off 
points was described. In our current study, the best cut-off points were identified by 
an appropriate statistical method. According to the best cut-off points of 140 cm/s and 
108 cm/s estimated by CHAID, most of underestimation or overestimation occurred 
in the one level, with only a few errors of more than one level. 
TCD enables grading of the severity of MCA stenosis according to the flow 
velocity. This method provides a non-invasive and reliable method for grading MCA 
stenosis and allows longitudinal monitoring of the relationship between clinical 
outcome and hemodynamic change. 
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Abbreviations 
ACA Anterior Cerebral Artery 
BA Basilar Artery 
BFS Bottom-Frequency Signal 
BI Boerzone Infarction 
CCA Common Carotid Artery 
CHAID Chi-squied Automatic Interaction Detector 
CI Cortical Infarction 
95% CI 950/0 confidential interval 
CT Computed Tomography 
CW Continuous Wave 
DM Diabetes Mellitus 
DSA Digital Subtract Angiography 
DWI Diffusion-Weighted Imaging 
ECA External Carotid Artery 
FFS Focused-Frequency Signal 
FFT Fast Fourier Transform 
FV Flow Velocity 
HT Hypertension 
ICA Internal Carotid Artery 
MCA Middle Cerebral Artery 
MES Microembolic Signal 
MFS Multi-Frequency Signal 
MRA Magnetic Resonance Angiography 
MRC Medical Research Council Scale for muscle power 
MRI Magnetic Resonance Imanging 
NIHSS National Institutes of Health Stroke Scale 
OA Ophthalmic Artery 
OR Odds Ratio 
PAI Perforating Artery Infarction 
PCA Posterior Cerebral Artery 
PTA Percutaneous Transluminal Angioplasty 
PW Pulsed Wave 
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ROC Receiver Operator Characteristic 
S-velocity Frequency (velocity) of signal 
TCD Transcranial Doppler 
TIA Transient Ischemic Attack 
VA Vertebral Artery 
V-frequency Frequency of vibration 
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A B S T R A C T itoring in various disease conditions，Because carotid 
Qti^n,^ Thoro hoo K Stenosis is an important cause of stroke in Europe and 
0 _ � \ y^ere has been hmrted data on the frequency of North America, there have been many studies on the 
二c=bolic signals in patients w.h middle cerebral artery detection of microemboHc s i g n l T S f 二 of 
= t = " ’ . ： , du:g the acute phase of stroke. patients. In general, microemboHc s i g n a l 二 p f 二 e T^ITZT P 卿" ^卿 moni- frequentsoonafterastrokeandifcanTdsten^isisnr 
姻 r 4 groups Of severe/^ For patients with MCA stenosis, there ha. been 
= e n t s for 30 (1) symptomatic patients with acute no prospective study on the frequency of microembolic 
二 r : 如 d MCA stenosis.� asymptomatic group signals L ing the acute phase o f : 二 = = : : 
二 二 _ ， p t o m a t i c MCA stenosis. (3) control patients pilot study to invesligat/the frequency o 7 = = 
wrth acute .^hem,c stroke of undetermined etiology, and ⑷ signals in patient X m C A stlosis 
normal people. A total of 60 patients completed the study. There • 
were no microembolic signals in the asymptomatic, control, and p^.. . . „ . . . 
normal groups. Among 20 patients in the symptomatic group. 如d Method 
microembolic signals were detected in 3 patients (15%). The ^ 1996-1997, we prospectively studied 4 groups of pa-
number of emboli ranged from 1 to 6 per 30 minutes. This is the 如nts: (1) the symptomatic group comprised patients with 
first report of the presence of microembolic signals in acute 払ute ischemic stroke who were examined within 48 
stroke patients with MCA stenosis. hours of onset showing MCA stenosis in the symptomatic 
hemisphere {mean velocity 118 m / s ) , � the asymptom-
Key words: Cerebral embolism, middle cerebral artery, ste- atic group comprised patients without history of stroke 
nosis’ ultrasonics, ethnicity. but who had MCA stenosis (mean velocity 109 m/s), 
(3) the control group comprised patients with acute 
Wong KS, Gao S, Lam WWM, Chan YL, Kay R. ischemic stroke who did not have detectable vascular le-
A pilot study of microembolic signals in sions or potential cardiac sources of embolism, and (4) 
patients with middle cerebral artery stenosis. 出e normal group comprised normal subjects. All symp-
J Neuroimaging 2001:11:137-140. tomatic patients underwent a computed tomography scan 
“ “ of the brain to exclude hemorrhage. A 12-iead electrgcar-
diogram was done on all participants. Patients with 
Extracranial carotid stenosis is an important and treatable extracranial carotid stenosis (>50%) or potential cardiac 
cause of stroke in Caucasians. In contrast, intracranial source of emboli such as atrial fibrillation were excluded, 
internal carotid artery and middle cerebral artery (MCA) 
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Table 1. Patient Characteristics 
Symptomatic Asymptomatic Control Normal 
Number of 
patients 20 20 10 10 
Acute stroke Yes No Yes No 
Middle cerebral 
artery stenosis Yes Yes No No 
Men/women 12/8 13/7 7/3 7/3 
Age 61 ±9 64±10 70±7 51 ±7 
Diabetes 3 5 2 0 
Hypertension 8 4 2 0 
Microembolic 
sigr.a 1~ present 3 {15O/o} 0 o o 
Transcranial Doppler ultrasound (TCn) is an estab-
lished method to diagnose M CA stenosis,6 and we used 
previously published criteria to make the diagnosis of 
M CA stenosis.2 We diagnosed MCA stenosis if its peak 
systolic velocity was greater than 140 cmls with the pres-
ence of one of the following features: the increase in veloc-
ity was circumscribed, the presence of murmur, widening 
spectrum, or asymmetric MeA flow velocity of more than 
30 cmls asymmetry. For patients with MCA stenosis 
detected during the acute phase of stroke, we repeated the 
TCD examination 3 to 6 months afterwards to document 
a persistent stenotic flow. A stenotic flow during the acute 
phase of stroke could also be caused by recanalization of 
emboli rather than in situ stenosis.7 In addition, magnetic 
resonance angiography of the cerebral arteries was done 
in 10 patients. Significant (>500/0) stenosis of the corre-
sponding MCA was shown in all 10 patients. We excluded 
patients if normal flow velocity distal to the M CA stenosis 
could not be identified. 
For the TCn embolus detection, recordings were 
made for 30 minqtes from the poststeno.tic segment of the . 
MCA with a sample volume of 10 mm by transeranial 
pulsed Doppler ultrasound with a 2-MHz probe fixed in 
the unilateral temporal window by head-strap (TC2000 S, 
EME Ltd, Germany). It used a 128-point fast Fourier 
transform and a graded color scale to display the intensity 
of the received Doppler signal. The Doppler signal was 
recorded on computer manually to allow subsequent 
off-line analysis with specially designed software on the 
TCD machine. Maximum relative power amplitude 
(RP A) was recorded for each embolic signal. Background 
RP A in the absence of an embolic signal was measured 
from the Doppler spectrum of the previous of next car-
diac, averaged from 3 frames at the same point in the cycle 
at the same velocity. Relative intensity increase (in deci-
bels) of each embolic signal and duration of high- inten-
sity signal were calculated using a technique previously 
outlined by Markus.5 We traced the MeA distally until 
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the flow velocity was < 140 cm/so All monitoring was 
recorded distal to M CA stenosis. The Doppler signals 
were also recorded onto videotape continuously. These 
data were then reviewed blindly by a panel of 2 investiga-
tors who determined whether any of the high-intensity 
signals recorded represented microembolic signals by a 
standard set of criteria (eg, characteristic "chirp" sound, 
>9 dB above background, duration >25 ms, predomi-
nantly unidirectional). Because of the limitation of the 
TCD machine, only unilateral monitoring was done. 
Results 
We completed microembolic signal monitoring of 20 pa-
tients each in the symptomatic group and the asymptom-
atic group and 10 patients each in the control group and 
the normal group. Five patients were excluded because 
we could not fmd a distal MCA segment with normal ve-
locity. The results of the study of all 60 patients are sum-
marized in Table 1. A typical microembolic signal is 
shown in Figure 1. Microembolic signals were detected in 
3 (1.50/0) patients in the symptomatic MCA stenosis group. 
No microembolic signals were detected in the asymptom-
atic, control, and normal groups. The average stenotic 
segments as detected by increased flow velocities of the 
MCA (some of which might include the terminal 
intracranial internal carotid artery as well) were located 
from 43 cm to 63 cm. The mean depth of M CA that was 
monitored was 40 mm. The number of emboli detected 
ranged from 1 to 6 per session of 30 minutes. In the symp~ 
tomatic group, '10 patients (50% ) were treated with anti-
coagulation, and 2 of these patients on anti-coagulant 
treatment had micro embolic Signals. The results of micro-
embolic signal monitoring of the symptomatic group are 
summarized in Table 2. During the 6 months after micro-
embolic signal monitoring, 1 microembolic signal- ,-.... -
posttive patient (330/0) and 1 microembolic signaI-negatiV'e , ~- . 
patient (6% ) had recurrent stroke. 
Discussion 
To our knowledge, this is the first report of the presence of 
microembolic Signals distal to MCA stenosis in a prospec-
tive study of consecutive acute stroke patients. Previous 
studies on patients with MeA stenosis have found the 
presence of microembolic signals only in patients with a 
history of transient ischemic attacks, not in patients after 
stroke.8.9 The most important difference between our 
study and previous studies is the timing of microembolic 
signal monitoring. We perform microembolic signal mon-
itoring during the acute phase of stroke. The frequency of 
microembolic signals is known to decrease significantly 
after the onset of stroke symptoms. lO In the only case 
• ...... , .1 
Table 2. Summary of the Microembolic Signal Monitoring of 20 Symptomatic Middle Cerebral Artery (M CA) Stenosis Patients 
History of Anti-
Coagulation 
Sex Age Hypertension Diabetes Treatment Side 
M 70 Yes Yes No Right 
F 57 No No No Left 
M 70 No Yes Yes Right 
M 62 Yes No No Right 
F 75 Yes Yes No Right 
M 70 Yes No No Right 
F 47 Yes No Yes Left 
M 65 Yes Yes Yes Right 
M 68 No No Yes Right 
M 65 Yes Yes No Left 
M 81 Yes Yes Yes Left 
M 65 Yes No Yes Right 
M 51 Yes No Yes Left 
F 71 Yes Yes No Left 
M 58 No Yes Yes Right 
F 77 No Yes Yes Right 
F 58 No No No Right 
F 49 Yes No No Right 
M 63 Yes No No Right 
F 63 Yes No Yes Right 
report of microembolic signals in a patient with M CA ste-
nosis, TCD monitoring was also performed during the 
11 
acute stage. 
During the acute stage, a stenotic flow pattern may be 
caused by recanalized emboli arising from a proximal site 
or by in situ MeA stenosis.7 In this study, we repeated the 
Ten examination 6 months after stroke to document per-
sistent stenosis, so patients with recanalized emboli were 
not included. Moreover, we excluded patients with other 
. "potential causes of embolism such as carotid sten~sis and 
- atrial fibrillation. For MeA stenosis in acute stroke, these 
are important factors to consider in order to avoid mistak-
enly studying patients with differing origin of embolism. 
There are a number of factors that may affect the inter-
pretations of the results of this study. The technique and 
equipment used in this pilot study may not be the most up 
to date but are similar to those used in most of the early 
studies12•13 of microembolic signal monitoring. More 
advanced equipment would be more sensitive in detect-
ing microembolic signals. Furthennore, the bigate probe 
may be able to identify micro embolic signals arising from 
a proximal site.s However, we have found that in some 
patients, the MCA segment with increased flow velocity 
may be very long. Subsequently, it may not be possible to 
identify a normal poststenotic segment in the M eA for 
monitoring. Similarly, because of the diffuse nature of 
Mlcroembolic 
MCA Stenosis Signal Monitoring 
Maximum Maximum 
Bilateral Mean Mean Number of 
MeA Depth Velocity Depth Velocity Mlcroembolic 
Stenosis (mm) (cm/s) (mm) (cm/s) Signals 
No 44-64 150 42 45 0 
No 44-64 105 40 35 0 
Yes 36-64 140 34 45 0 
Yes 46-68 103 44 50 0 
Yes 40-60 187 38 40 0 
No 48-64 118 40 44 0 
No 36-60 91 32 35 0 
Yes 40-64 124 36 35 6 
Yes 36-56 113 32 90 0 
Yes 46-60 204 44 55 0 
No 60-70 84 54 36 O. 
Yes 48-68 108 38 35 0 
Yes 36-64 116 32 36 3 
No 40-60 115 36 44 0 
Yes 48-56 82 40 36 0 
No 38-68 83 36 30 0 
No 48-64 105 44 40 0 
Yes 48-64 100 44 43 0 
No 46-56 106 44 77 1 
No 44-64 115 40 30 0 
Fig 1. Example of a microembolic signal. 
MeA stenosis in our population, the prestenotic segment 
of the MeA may not be identified. In the current study, 
the mean depth of the origin of M CA stenosis is quite 
deep at 63 mm from the probe. Therefore, the use of 
bigate probe may not be applicable in a significant num-
ber of our patients. 
The proportion of our patients with microembolic sig-
nals detected is 150/0, which is slightly below the range of 
200/0 to 900/0 in acute stroke patients with extracranial 
internal carotid artery stenosis.5 Stricter criteria for the 
determination of microembolic signals and the use of 
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video recording in our study may have contributed to this 
discrepancy. One-half of the 20 symptomatic patients 
were treated with anti-coagulation. The use of therapeutic 
anti-coagulation may be associated with less micro-
embolic signal production.14 However, because of the 
small number of patients studied and the low prevalence 
rate of microembolic signals in our study, we are unable to 
study the relationship between treatment and its effect on 
micro embolic signal production. Artery-to- artery embo-
lism is an important stroke mechanism in patients with 
carotid stenosis. In the MeA, the pathology of the athero-
sclerosis is similar to other large arteries in the circula-
tion. IS Atherothrombosis is the underlying mechanism of 
vascular occlusion in patients with intracranial stenosis.16 
Fibrin-platelet micro embolism is also observed in real-life 
situations distal to MCA stenosis. v Therefore, our obser-
vation that micro embolic signals are present in patients 
with MCA stenosis accords with the current understand-
ing of the pathophysiology of atherosclerosis of the MeA. 
In addition, hemodynamic compromise and embolism 
may both contribute to the stroke mechanism of arterial 
stenosis.18 IT further studies confirm that embolism is 
important in the pathophysiology of stroke in patients 
with MeA stenosis, then future clinical trials of therapies 
aiming to prevent thromboembolism, rather than bypass 
surgery to ameliorate the mechanical obstruction, are jus-
tified for this important cause of stroke worldwide. 19 
This study is supported in part by a grant from the Research Grant Coun-
cil of Hong Ko~g (CUHK4341/98M). 
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